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METHOD AND APPARATUS FOR BODY FLIJID SAMPLING AND 

ANALYTE SENSING 

BACKGROUND OF THE INVENTION 
5 Lancing devices are known in the medical health-care products industry for 

piercing the skin to produce blood for analysis. Typically, a drop of blood for this type . 
of analysis is obtained by making a smaU incision in the fingertip, creating a small 
wound, which generates a small blood droplet on the surfece of the skin. 

Early methods of lancing included piercing or slicing the skin with a needle or 
10 razor. Current methods utilize lancing devices that contain a multitude of spring, cam 
and mass actuators to drive the lancet These include Cantilever springs, diaphragms, 
coil springs, as weU as gravity plumbs used to drive the lancet. The device may be held 
against the skin and mechanically triggered to baUisticalJy launch flie lancet. 
Unfortunately, the pain associated with each lancing event using known technology 
15 discourages patients from testing. In addition to vibratory stimulation of the skin as the 
driver irnpacts the end of a laun<ACT stop, known spring based 
possibility of firing lancets that harmonicaUy osciUate against the patient tissue, causing 
multiple strikes due to recoU. This recoil and multiple strikes of the lancet is one major 
inq)ediment to patient compliance witt a sfructured glucose monitoring regime. 
20 Another impe(Kment to patient compliance is the lack of spontaneous blood flow 

generated by known lancing technology. In addition to the pain as discussed above, a 
patient may need more than one lancing event to obtain a blood san^le smce 
spontaneous blood generation is unreliable using known lancing technology. Thus the . 
pain is multiphed by the numbwofatlenqjts required by apatirat to succrasfulfy 
25 generate spontaneous blood flow. Different skin thickness may yield different results in 

terms of pain perception, blood yield and success rate of obtaining blood between 
different usOTSofthe lancing device. Known devices poorly account for these skin 
thidmess variatioiis.. 

Variations in skm thickness mchding the stratum conieum and hydration of the 
30 epidermis can jield different results b|tween different users. Spontaneous blood droplet 
generation is dependent on reaching tfie blood capUlaries and venuoles, which yield the 
blood sample. It is therefore an issue of correct depth of penetration of the cutting device. 
Due to variations in skin tirickness and hydration, some types of skin will deform more 
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before cutting starts, andhence the actual depth of penetratian vdUbe less, resulting in 
less capillaries and venuoles cut and less spontaneous blood generation. 

Known lancing devices fail to provide accurate sensing of lancet position. Thus 
they do not know exactly how far the penetrating member has cut into the tissue. This 
lack of position sensing is one reason for more painful lancing associated with known 

fluid sampling devices. 

Additionally, known lancing devices faU to have sufficiently accurate control of 
laacetpositionandvelocitytoachieveaspontaneousbloodgenerationinarel^^^^^ 

pain free maimer. 

SUMMARY OF THE INVENTION 

The present invention provides solutions for at least some of the drawbacks 
discussed above. Hie technical field relates to the lancing of the finger to obtain a body 
fluid or blood sample for the analysis of that sample. Because the penetration distance xs 
a strong predictor of the success of the lancing event for spontaneous blood generation. 
llxeabiUtyofthedevicetoaccoratelycontrolthisdistanceisofinterest. Specifically, 
some embodiments of the present invention provide an improved body fluid samplmg 
device. Forsomeembodimentsofpenetratingmembferdrivers,theinventionprovides 
improved methods for controlling the velocity and cutting efficient of a penetrating 
meniber. At least some of these and other objectives described berdn will be met by 
embodiments of the present invention. 

m one aspect, the present invention provides improved lancing devices operating 
wim additive control algorithms. Because of the very high speeds that embodiments of 
the present invention may move Iheir penetrating members, feedback control may not be 
sufficient, due to the short amount of time available. In one embodiment, the present 
■ inventionprovides desired parameters, based on the models of the penetrating member. 
thepenetratingmemberdriver,andthetargetedtissue. Based on this model, the system 
may havepredictive infomiation stored in lookup tables on how to drive the penetrating 
member driver and when to apply braking force so that the device performs as desired to 
) arrive at a desired depth and to provide a desired level of cutting efficiency and/or 
perfoimance. 



wo 2004/107964 



PCTAJS2004/018132 



In one embodiment, a method of CQntrolIing a penetrating member is provided 

The method comprises providing a landng device having a penetrating member d^^ 
with aposition sensor and a processor that can detennine the relative position and. 
velocity of the penetrating member based on measuring relative position of the 
5 penetrating member with respect to time; providing a look up table having desired 
velocity trajectdry based on empirical data; and using control to adjust lancet velocity to 
maintain penetrating member velocity along said trajectory. 

In another embodiment, the present invention relates to the way that an 
electronicaUydrivenlancingdeviceomtrolsthe trajectory of the inbound^l^^^^ the 
) pointofmaximumextensionorpenetrationintoatargettissue. Thisisthepointof 
majdmum penefration of the lancet into the skin. This embodiment of the present 
invention comprises a control algorithm, that when combined with the necessary 
hardware to execute the control instractions. increases the depth accuracy of the 
penetrating member. The present invention also provides improved cutting efficiency by 
providing lancet behavior that is optimized for cutting tissue. 

In one aspect, the present mvention involves learning thiou^ testing what the 
ideal setup parameters are and flien using more complicated feedback systems to get 
results similar to a feed-forward system. 

hi other aspects, the present invention may involve manual braking, braking with 
zero residual energy, braking only, preserving acceleration, and ^propriate force, for 
smart braking. 

The system may furthor comprise means for coupling the force generator with 
one of the penetrating members. 

The system may further comprise a penetrating member sensor positioned to 
monitor a penetrating member coupled to the force generator, the penetratmg membo- 
sensor configured to provide information relative to a depth of penetration of a 
poietrating member through a skin surface. 

The depth of penetration may be about 1 00 to 2500 microns. 

The depth of penetration may be about 500 to 750 microns, 

4 

The depth of penetration may be, in this nonlimiting example, no more than about 
1000 microns beyond a strahmi comeum thickness of a skin surface. 



wo 2004/107964 



PCT/tS2004/018i32 



15 



THe depth of penetration may be no more than about 500 microns beyond a 
stratum comeum thickness of a skin surface. 

nxe depth of penetration may be no more than about 300 microns beyond a 
stratum comeum thickness of a skin surface. 
5 Tlie depth of penetration may be less than a sum of a stratum comeum thickness 

of a skin surface and 400 microns. 

The penetrating member sensor may be forther configured to control velocity of a 

penetrating member. 

The active penetrating member may move along a substantially linear path mto 

10 the tissue, „ ^ 

Tlxe active penetrating member may move along an at least partially curved path 

into the tissue. 

The drivCT may be a voice coU drive force generator. 

The driver may be a rotary voice coil drive force generator. 
TTxe penetrating member sensor may be coupled to a processor vdth control 

instructions for the penetratmg niranber driver. 

The processor may include amemory for storage and retrieval of a set of 

. penetratingmemberpiofilesutilizedwiththepenetratmgmemberdriver. 

The processor may be utilized to monitor position and speed of a penetratmg 
20 memberasthepenetratmgmembermovesinafirstdirection. 

Thepiocessormay be utilized to adjust an appUcation of force to apenetratmg 
memb« t« adueve a desired speed of the penetrating member. 

Theprocessormay be utilized to adjust an appUcation of force to apenetratmg 
inember when tiie penetrating member contacts a target tissue so that the penetratmg 
25 member penetrates the target tissue within a deskedrange of speed. 

The processor may be utiUzed to monitor position and speed of a penetratmg 
member as the penetratmg member moves in the first direction toward a target tissue, 
wherein the application of a launching force to flie penetrating member is controUed 
based on pQsition and speed of the penetrating member. 
30 TheprocessormaybeutiUzedtocontrolawithdrawforcetothepenetrating 

member so that the penetrating member moves in a second direction away from the 
target tissue. 
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Li the first directioii, the penetratmg member may move toward the target tissue 
at a speed that is different than a speed at which the penetrating member moves away 
- fiom the target tissue. 

In the first dircctioh the penetrating member may move toward the target tissue at 

a speed tiiat is greater than a speed at which the penetrating member moves away from 
the target tissue. . 

The speed of a penetratmg member in the first direction may be the range of 
about 2.0 to 10.0 m/sec. 

The average velocity of the penetrating member during a tissue penetration stroke 
in tiie first direction may be about 100 to about 1000 times greater than the average 
velocity of the penebating member during a withdrawal stroke in a second direction. 

A fiulho: undastanding of the nature and advantages of the invention will 
become apparent by reference to tiie remaining portions of tiie specification and 
drawings. . . ' 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 illustiates an embodiment of a controllable force driver in the fonn of a 
cylindrical electiic penetrating membra- driver using a coiled solenoid -type 
configuration. 

Figure 2 A illustrates a diq)lacement over time profile of a penetrating member 
driven by a harmonic spring/mass system. 

Figure 2B illustrates the velocity over time profile of a penetrating member driver 
by a harmonic spring/mass system. 

Figure 2C illustrates a displacranent over time profile of an embodiment of a 
controllable force driver. 

Figure 2D illustrates a velocity over time profile of an embodiment of a 
controllable force driver. 

Figure 3 is a diagrammatic view illustrating a controlled feed-back loop. 

Figure 4 is a perspective view ofa tissue penetration device having features of : 
die invention.* 

Figure 5 is an elevation view in partial longitudinal section of tiie tissue 
penetration device of Figure 4. 
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Figure 6 shows one embodiment of the present invention wilh a front end and 

landing a target tissue. 

Figure 7 are graphs showing tenting and force related to a lancing event 

Figure 8-9 show schematics for a tissue penetrating device. 

Figure 10 shows a graph of tenting and penetration profiles. 

Figures 11 A-llG shows a method of penetrating tissue. 

Figures 12A-12C show various embodiments of a tissue penetrating device. 

Figures 13-15 show graphs of penetrating member velocity over time. 

Figure 16 shows a schematic representation of the reperfiision of skin after 

iir^act 

Figure 17 shows a tissue penetration device piercing skin. 

Figures 18-21 areimagesofpenetratingmembersandtheirinteractionwith 

Figures 22-23 show various control melhods as illustrated in graphs of velocity 



tissue. 



over tune. 



Figures 24-25 show schematics ofanbodiments of a penetrating member device 

with a controller to account for pressure. 

Figure 26 shows a penetrating member in tissue. 

Figure 27 shows another embodiment of a slug for use with the present mvention. 

Figure 28 shows a graph of force and displacement. 

Figure 29 shows a graph of electrical performance. 

Figure 30 shows a zero position for a solenoid driver. 

Figures 31-43 show various graphs of penetrating member performance and 

control schematics. 

Figure 44 shows a graph of penetrating member velocity versus time for one 
embodiment of a control algorithm according to the present invention. 

Figure 45-46 shows one embodiment of a electroic drive mechanism. 

Figures 47-53 show various graphs of penetrating member performance and 

control schematics. - 

Figi^res 54-56 shows various embodiments of penetiating member drivers. 
Figures 57 and 58 show graph of performance. 

Figure 59 shows one embodiment of disc for use with the present invention. 
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Figure 60 shows one view 6f the disc in a penetrating member device. 

Figure iSl shows another embodiment of a device that may use a disc as described 
inFigure59. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 
The present invention provides a multiple analyte detecting member solution for 
body fluid sampling. Specifically, some embodiments of the present invention provides 
a multiple analyte detecting member and multiple penetrating member solution to 
measuring analyte levels in the body. The invention may use a high density design. It 
may use penetrating members of smaller size, such as but not limited to diameter or 
length, than known lancets. The device may be used for multiple lancing events without 
having to remove a disposable fiiom the device. The invention may provide improved 
sensing capabilities. At least some of these and other objectives described herein will be 
m^ by embodiments of tiie present invention. 

It is to be understood tiiat both the foregoing general description and the 
fpUowing detailed description are exemplary and explanatory only and are not restrictive 
of the invention, as claimed. It must be noted that, as used in the specification and the 
appended claims, the singular foims "a", "an" and "the" include plural referents unless ■ 
the context clearly dictates otherwise. Thus, for example, reference to "a material" may 
inchide mixtures of materials, reference to "a chamber'* may include multiple chambers, 
and the like. References cited herein are hereby incorporated by reference in tiieir 
entirety, except to the extent that they conflict with teachings expUcitiy set forth in this 
specificatioa . 

In this specification and in the claims which follow, reference wiU be ^e to a 
number of terms which shall be defined to have tire following meanings: 

"Optional" or "optionally" means fliat the subsequently described circumstance 
may or may not occur, so that the description includes instances where the circumstance 
occurs and instances where it does iiot. For example, if a device optionaUy contahis a 
feature for analyzing a blood sample, this means that the analysis feature may or may not 
be present, and, thus, the description includes structures wherein a device possesses the 
analysis feafaure and structaires wherein the analysis feature is not present '. 
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nie present invention may be used with a variety of different penetrating member 
drivers It is contemplated that these penetrating member <irivers maybe spring based, 
solenoidbased. magnetic driver based, nanomuscle based, or based on any other 
n^echanism useful in moving a penetrating member along a path into tissue. It should be 
noted that the present invention is not limited by the type of driver used with the 
penetrating member feed mechanism. One suitable penetrating member driver for use 
with the present invention is show in Figure 1 . Ibis is an embodiment of a solenoid 
type electromagnetic driver that is capable ofdriving an iron core or slugmountedlo the 

penetrating member assembly using a direct current (DC) power supply. The 
electromagnetic driver inchidesadrivercoilpack that is dividedinto three s^^^^ 

alongthepathofthepenetratingmember.twoendcoilsandamiddlecoiL Dnect 

currentisaltematedtotbecoilstoadvanceandretractlhepenetratingmember. 

Although the driver coU pack is shown wilii three coils, any suitable number of co^ 

be used, for example. 4. 5. 6, 7 or more coils may be used. 

Referring to the embodiment of Figure 1. the stationary iron housing 10 may 
containthedrivercoflpackwithafirstcoaUflankedbykon^acersUwhich 
concentrate the magnetic flux at the imier diameter creating magnetic poles . -Ibe mner 

insulating housing 1 6 isolates the penetratmg member 1 8 and iron core 20 from the coxls 
and provides a smooth, low friction guide surface. The penetrating member gmde 22 
farthercentersthepenetratmgmemberl8andironcore20. ITxe penetrating member 18 
is protracted andretractedby alternating the current between the first coil 12. the m^^^^ 
coU and thclhird coil toattracttheiion core 20. Reversing the coil sequence and 
attrl^ting the core and penetrating member back into the housing retracts the penetratmg 
member. Tbe penetrating member guide 22 also serves as a stop for the iron core 20 

mounted to the penetrating member 18. 

As discussed above, tissue penetration devices which employ spring or cam 
driving methods have a symmetrical or nearly symmetrical actuation displacement and 
velocity profiles on the advancement and retraction of the penetrating member as shown 
in Figures 2 and 3. In most of the available lancet devites. once the lamich is imtiated, 

) the stored energy detemnnes the velocity profile until the energy is dissipated. 

Controlling impact, retraction velocity.anddweU time ofthepenetratingmemberwilhm 

the tissue can be usefiil m order to achieve a high success rate while accommodatmg 
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variations in skin properties and minimize pain. Advantages can be adiieved by taking 
into account of the fact that tissue dweU time is related to the amount of skin defonnation 
as the peaetmting member tries to puncture the surface of the skin and variance in skin 
defonnation from patient to patient based on skin hydration. 

In this embodiment, the abihty to control velocity and depfli of penetration may 
be achieved by use of a controllable force driver where feedback is an integral part of 
driver controL Such drivers can control either.metal or polymeric penetrating members 
or any oflier type of tissue penetration elemmt The dynamic control of such a driver is 
illustrated in Figure. 2C which illustrates an embodiment of a controlled displacement 
proffle and Figure 2D which illustrates an embodiment of a the controlled velocity 
profile. These are compared to Figures 2A and 2B, which iUustrate embodiments of 
displacement and velocity profiles, respectively, of a haimonic spring/mass powered 
driver. Reduced pain can be achieved by using impact velocities of greater than about 2 
m/s entry ofa tissue penetrating element, such as a lancet, into tissue. Other suitable 
embodiments of tiie penetrating member driver are described in commonly assigned, 
copending U.S. Patent Application Ser. No. 10/127,395, (Attorney Docket No. 38187- 
2551) filed April 19, 2002 and previously incorporated herein. 

Figure 3 illustrates the operation of a feedback loop using a processor 60. The 
processor 60 stores profiles 62 in non-volatile memory. A user inputs information 64 
about the desired circumstances or parameters for a lancmg event. The processor 60 
selects a driver profile 62 &om a set of alternative driver profiles tiiat have been 
preprogrammed in tiie processor 60 based on typical or desired tissue penetration device 
performance detemiined through testing at the factory or as programmed in by the 
operator. The processor 60 may customize by either scaling or modifying the profile 
based on additional user input information 64, Once tiie processor has chosen and 
customized the profile, the processor 60 is ready to modulate tiie power fi-om the power 
supply 66 to the penetrating member driver 68 through an amplifier 70. The processor . 
60 may measure the location of tiie penetrating member 72 using a position sensing 

mechanism 74 tiirough an analog to digital converter 76 Unear encoder or other such 
transducer, ifixamples of position sensing mechanisms have been described in tiie 
embodiments above and may be found in the specification for commonly assigned,, 
copendmg U.S. Patent Application Ser. No. 10/127,395, (Attorney Docket No. 38187- 
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2551) ffled April 19, 2002 and previously incorporated teiein. The processor 60 
calcidates the movement ofthepenetaitiiigiaeinber by comparing the act^ 
the penetrating member to the predetermined profile. ITie processor 60 modulates the 
power to the penetrating member driver 68 through a signal generator 78, which may 
control Ihe amplifier 70 so that the actual velocity profile of the penetrating member does 
not exceed the predetermined profile by more than a preset error limit. The error limit is 
flie accuracy in the control of the penetrating member. 

After the lancing event, the joocessor 60 can aUow the user to rank the results of 
the lancing event. The processor 60 stores theseresults and constructs a database 80 for 
the individual user. Using the database 79. the processor 60 calculates the profile traits 
such as degree of painlessness, success rate, and blood volume for various profiles 62 
depending on user input mformation 64 to optimize the profile to the indiAddual user for 
subsequent lancing cycles. These profile traits depend on the characteristic phases of 
penetrating m^ber advancement and retraction. The processor 60 uses these 
calculations to optimize profiles 62 for each user. M addition to user input information 
64. an internal clock allows storage in the database 79 of information such as the time of 
day to generate a time stamp for the lancing event and the tune between lancing events to 
anticipate the user's diurnal needs. The database stores mformation and statistics for 
each user and each profile that particular user uses. 

In addition to varying the profiles, the processor 60 can be used to calculate the 
appropriate penetrating member diameter and geometry suitable to realize the blood 
volume required by the user. For example, if the user requires about 1-5 microliter 
volume of blood, the processor 60 may select a 200 micron diameter penetrating member 
to achieve these results. For each class of lancet, botti diameter and lancet tip geometry, 
is stored in the processor 60 to correspond with upper and lower limits of attainable 
blood volume based on the predetermbed displacement and velocity profiles. 

The lancing device is capable of prompting the user for information at the 
beginning and the end of the lancing event to more adequately siut the user. The goal is 
to either change to a different profile or modify an existing profile. Once tiie profile is 
set, the force drivmg the penetrating member is varied during advancement and 
retraction to follow the profile. The method of lancing usmg the lancing device 
comprises selecting a profile, lancmg according to the selected profile, detemuning 
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lancing proffle traits for each diaracteristic phase oftt^ andoptinuzing 
profile traits for subsequent lancing events. 

Figure 4 illustrates an embodiment of a tissue penetration device, more 
spedficaUy, alandngdeviceSOthatincIudes acontiollablediiver 179 coupled to a 
5 tissue penetration elemat The lanping device 80 has a proximal end 81 andadistalend 
82. Atthedistalend82isthetissuepenetnitionelementinthefonnofapenetrating 
member 83, which is coupled to an elongate coupler shaft 84 by a drive coupler 85. The 
elongate coupler shaft 84 has aproximal end 86 and a distal end 87. A driver coil pack 
88 is disposed about the elongate coupler shaft 84 proximal of the penetrating member 

10 83. Apositionsensor91isdisposedaboutaproximalportion92oftheelongatecoiq)ler 
shafl:84 and an electrical conductor 94 electrically couples a processor 93 to the position 
sensor 91. The elongate coupler shaft 84 driven by the driver coU pack 88 controUed by 
the position sensor 91 and processor 93 fomi the controUable driver, specifically, a 
' controllable electromagnetic driver. 

15 Referring to Figure 5, the lancing device 80 can be seen in more detail, in partial 

longitudmal section. The penetrating member 83 has a proximal end 95 and a distal end 
96 with a sharpened point at the distal end 96 of the penetrating member 83 and a drive 
head 98 disposed at the proximal end 95 of tiie penetrating member 83. A penetrating • 
member shaft 201 is disposed between the drive head 98 and the shaipened point 97. 
20 The penetrating member shaft 201 may be comprised of stainless steel, or any otiier 

suitable material or aUoy and have a transverse dimension of about 0.1 to about0.4mm. 
The penetrating member shaft may have a lengtii of about 3 mm to about 50 mm. 
specificaUy.about l5mmtoabout20mm. The drive head 98 of tiie penetrating member 
83 is an enlarged portion having a transverse dimension greater than a transverse 
25 dimension of tiie penetrating member shaft 201 distal of tiie drive head 98. This 

configuration allows tiie drive head 98 to be mechanically captured by tiie drive coupler 
85. The drive head 98 may have a transverse dunension of about 0.5 to about 2 mm. 

A magnetic member 102 is secured to flie elongate coupler shaft 84 proximal of 
tiie drive coupler 85 on a distal portion 203 of tiie elongate coupler shaft M. The 
30 magnetic member 1 02 is a substantiaUy cylindrical piece of magnetic material having an 
axial lumen 204 extending tiie lengtii of tiie magnetic member 102. The magnetic 
member 102 has an outer transverse dimension fliat aUows tiie magnetic member 102 to 



wo 2004/107964 



FCT/US2004/013132 



12 

slide easUy wiftm an axial lumen 105 of a low fiiction, possibly lubricious, polymer 
guide tube 105' disposed within (he driver coil pack 88. The magnetic member 102 may 
have an outer transverse dimension of about 1.0 to about 5.0 mm, specificaUy, about 2,3 
to about 2.5 mm. The magnetic member 102 may have a lengfli of about 3.0 to about 5.0 
mm, specifically, about 4.7 to about 4.9 mm. The magnetic member 102 can be made 
fiom a variety of magnetic materials including ferrous metals such as ferrous steel, iron. 
ferrite,orthelike. The magnetic mranber 102 may be secured to the distal portion 203 
of the elongate coupler shaft 84 by a variety of methods including adhesive or epoxy 
bonding, welding, crinq)ing or any other suitable method. 

Proximal of the magnetic member 102, an optical encoder flaig 206 is secured to 
the elongate coupler shaft 84. The optical encoder flag 206 is configured to move within 
a slot 107 in the position sensor 91. The slot 107 of tiie position saisor 91 is farmed 
betwem a first body portion 108 and a second body portion 109 of the position sensor 
91. The slot 107 may have separation width of ^bout 1.5 to about 2.0 imn. The optical 
encoder flag 206 can have a length of about 14 to about 1 8 mm, a width of about 3 to 
about 5 mm and a thickness of about 0.04 to about 0.06 mm. 

The optical encoder flag 206 interacts with various optical beams generated by 
LEDs disposed on or in the position sensor body portions 108 and 109 in a 
predetermined manner. The interaction of the optical beams graierated by the LEDs of 
the position sensor 91 generates a signal that indicates the longitudinal position of the 
optical flag 206 relative to the position sensor 91 witii a substantially high degree of 
resolution. The resolution of the position sensor 91 maybe about 200 to about 400 
cycles per inch, specifically, about 350 to about 370 cycles per inch. The position sensor 
91 may have a speed response time (position/time resolution) of 0 to about 120,000 Hz, 
where one dark and light stripe of the flag constitutes one Hertz, or cycle per second. The 
position of the optical encoder flag 206 relative to the magnetic member 102, driver coil 
pack 88 and position sensor 91 is such that the optical encoder 91 can provide precise 
positional information about the penetrating manber 83 over the enthe length of the 
penetrating member's power stroke. 

An optical encoder that is suitable for the position sensor 91 is a Hnear optical 
incremental encoder, model BEDS 9200, manufectured by Agilent Technologies. The 
model HEDS 9200 may have a length of about 20 to about 30 mm, a widtii of about 8 to 
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aboutl2imn,andaheightofabout9toaboutllinm. Although the position sosor 91 
iUustrated is alinear optical incremental encoder, other suitable position sensor 
embodiments could be .used,.piovided. they posses the requisite positional resolution and 
time response. The BEDS 9200. is a two channel device where the channels are 90 
degrees out of phase with each other. This results in a raolution of four times the basic 
cycle of the flag. These quadrature outputs make it possible for the processor to 
detamine the direction of penetrating member travel. Oflier suitable position sensors 
include capacitive encoders, analog reflective sensors, such as the reflective position 
sensor discussed above, and the like. 

Acoupler shaft guide 111 is disposed towards the proximal end 81 of the lancing 
device 80. The guide 1 1 1 has a guide lumen 1 12 disposed in the guide 1 1 1 to slidingly 
accept theproximal portion 92 ofdie elongate coupler shaft 84. The guide 111 keq)stiie 

elongate coupler shaft 84 centered horizontaUy and vertically in the slot 102 of the 
optical encoder 91. 

In another aspect of the present invention, this solution involves using two 
measurements, tenting and force present at the front end of the lancing device 200, to 
interpolate the stratum comeuin (SQ thickness at that particular skin locatioa It is 
known that force ^plied to the front end of a lancing device affects the amount of 
tenting caused by an inbound lancet. This effect can be visualized by plotting force vs. 
tenting on a linear scale. Varying Stratum Comeum thickness causes a change in the 
slope of tiiis curve. This data can be used to interpolate an SC thickness value. 

Referring now to Figure 6. one embodiment of a lancing device 200 is shown. 
The arrow 202 indicates that a penetrating member will move outward to penetrate 
ti^ue. A finger (shown in phantom) will press against the front end 204 which "is 
coupled to a pressure transducer 206. This may in turn be coupled to a processor 208. 
The pressure fransducer 206 maybe any one known in the art such as but not limited to a 
strain gauge or a piezeoelectric sensor. The processor 208 maybe coupled to memory M 
that stores readings. 

Referring now to Figure 7, experiment 342 shows that there are two different 
slopes 220 and 222 for different SC thicknesses. Line 222 contends to the thicker 
(313) SC while line 220 conesponds to the thinner (217) SC. Thus in the lancing device 
200, by recording the force (which will undoubtably vary) applied by the user and the 
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In one embodiment of adaptive control systism 350, variable braking force, which 
is computationally more complex, may be used. In one embodiment, for each duty cycle 
that the penetrating memba: 322 is braking, the system 350 will look where the member 
322 is, and where it should be. There, may be a look up table used to detennine if the 
member 322 is under or over the place where the member 322 wants to be for a 
particular part of the braking cycle. The control system 350 can redirect or adjust 
brakiug (e.g. not as hard or harder in the next braking cycle). A position encode 356 is 
used with the system 350. 

In a still further embodiment of the preset invention, a more complex processor 
may be used with the system 350. Inthisembodiment,ratherthanjust a lookup table, 
the processor m control systena 350 can calculate the level of deceleration and maybe 
make tfiat relative to the contact point, so that you do not need to do an integration of the 
curve. Instead of using a ton of lookq) tables, Hxe system 350 can direct the lancet with a 
more elegant algorithm. 

In still other embodiments, the control system 350 may be paired with m 
improved position sensor. If the processor desires a certain amount of data to make a 
predictive decision within the braking segment, the amount of position feedback to the 
processor may be increased. It may be th^ you may not have enough predictive ability* 
because die control system is limited or it comes too late. The penetrating member 322 
may aheady have gone too far or the controller is too slow to make the change. 
Accordingly, an unproved position sensor may provide more position data. The data 
may anive fester and it may be more precise as to the location of the penetrating 
member. 

From an conceptual standpoint, it would be possible to further improve control 
system performance. As discussed, the position encoder would be improved. The clock 
speed of the processor would be faster to handle the additional flow of data because it 
comes faster. Finer control of the solenoid or other electronic drive mechanism may also 
be desired so that solenoid can move the penetrating member at a level of accuracy 
matching or coming close to that of the position encoder. 

Optimally, the present invention provides for controlling the trajectory of the 
inbound lancet up to the point of maximum extension with an adaptive algorithm. With 
regards to flie algorithm, in one embodiment, there is a decision point when tiie 
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penetrating member 322 is stiU traveling in the inboimddirectic^ With stored up data, 
based on this time and this position andadesired depth or proffle. the control sy^ 
wiUmakeadecisionwhethertoaccelerate,brake.ordonothing. The decision point will 

ultimately detennine what depth the penetrating member 322 reaches. It should be 
5 understood ofcourse that there may be more than one decision point in a braking cycle. 

But if the deceleration is too high or other fectors excessively slow the member 322. the 
controlsystem350maychoosetoaccelerateratherthanbrake. It could also brake 

hardor, as the circumstances wanant 

It should also be understood fliat it may be possible to bring down the variance 
10 where the lancet ultimately ends up. For a certain depth, there is an optimal contact 
speed, given flie uncertainly once the penetrating member 322 goes past initial contact 
with the tissue. It helps that the entire control system, m that it gives a neutral 
composition. There may be sbme braking or some accelcaration. but there is not a huge 
amount of correctioiL There is a neutral position. 
15 In one embodiment, if the braking algorithm is more complex in the sense that 

mstead of just lookmg at position andtime, it is lookmg at position and time for the last 
three cycles and dividing that mto a smooth braking factor and taking ttiat's distance (or 
corrected distance based On the contact point routine), then it is a simple multipUcation 
of this factor and that position factor and tiiat the system does not need a tme update at 
20 the next look up table interval. It is a rolling average that gets the penetrating member to 
the intended depth at a higher degree of accuracy. 

There is some variability with how the skin perfonns. Physiologically, as a 
nonlimiting example, a stick of about 2 mm in depth might increase tiie actual deptii by 
+/- 300 microns. Even though theoretically, the system can get really close to the desired 
25 depth with tiie control system, other mechanical or physiological reasons may create 
enors. Smartmg brakmg mcrease the stability of tiie control system. It might have a 
more stable profile to deal witii physiological uncertainties that are otherwise 
unaccounted for. 

Various velocity profiles can influence cutting efficiency and more specificaUy, a 
30 final depth a^ the tissue reacts differentiy based on velocity of tiie penetrating member. 
As a nonluniting example, if the penetrating members goes m fast and is braked hard, tiie 
tissue may still have momentam and the tissue/lancet interfece may not be stable (i.e. not 
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move togi^er); and it might end up being that the composition of the tissue plays more 
of a fector. If you had a more stable control, the physiological variability oiFthe tissue 
could be reduced or substantially taken out of the equation. In one embodiment of the 
present mvention, the control tends to adjust the braking cycle so that the r^^^ 
5 decelerationisrelatiyelyconstantandkeepsthetissueorskinina^^^ 

haveanyunfairloadsputonit Ifthe braking occurs too suddenly, the skin can bound 
away from the lancet and be keep moving. 

Other improved embodiments of the control system, in addition to accounting for 
position and velocity, they may also account for trajectory. In one embodiment, the ideal 
10 lancmg algorithm involv^ driving the lancet at a high rate of velocity to a predetennined. 
depth, stopping at a given distance, and pulling out the lancet at a given rate. By 
achieving a contact speed, the device can meter the amount of force it presents to the 
skin at impact This contact speed will be higher for a lancing cycle in which a higher 
penetration depth is intended. A velocity lookup table corresponding to the composite 
15 amount (The average velocity necessary to achieve a certain depth through iteration of 
many sticks) is set as one of the directions to the control sequence: The decision to • 
redirect the lancet should come late in the lancing cycle and should be relative to 
displacement, rather than velocity. Ifthe lancet passes within a certain distance of the 
intended displacement, the velocity can be checked by the control processor, and 
20 compared to a velocity lookup table. 

As a nonlimiting example, 0.5 millimeters before the intended penetration 
distance, the speed is 30% of the contact speed. According to the velocity lookup table 
that is stored for this control algorithm and caUed at this displacement, the speed should 
be 30%. In this case, the control system does nothing to redirect the lancet. If the speed 
25 was 20% of the contact speed, this would indicate to the device that the lancet had 
.. decelerated too much, and a metered burst of energy corresponding to its deviation 
would be applied to the lancet from the drive motor to accelerate lancet to its intended 
displacement If the speed was 40% of the contact speed, the lancet would be 
decelerated with a metered burst of energy. Because a linear position sensor has better 
30 position/time resolution at higher speeds and the ability of the motor to accelerate or 
decelerate is higher at low speeds, the decision to accelerate or brake should come at a 
displacement m which the velocity is consistently within the optimal working range of 
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the position encoder and the motor. It should also occur late enough in the lancing cycle 
to be predictive. There may be more than one position-based decision point while 
penetrating, but the processmg speed, force response of the electronic motor, and 
resolution of the position sensor are the physical determinants of whether this is feasible 
> for the system and within what range of positions this control methodology is effective. 

A more conq)lex control algorithm would also utilize a least squares method in 
tandem with the velocity and position comparison. In this embodiment, ihis binomial 
equation would determine the rate of deceleration and invoke the brakmg or acceleration 
algorithm with the additional factor concerning the shape of the curve. It would 

0 distinguish between skin stiffiiess and skin position by effectively integrating the 
velocityvs-positioncurveduringthedecelerationphaseofthelancingcycle. An 

algorithm factors these variables and accounts for them during in the control loop will 
provide amore desirable result, intemis of cutting efficiency and desired penehating 

depth of a paietiatmg member mto tissue. 
15 ihyetanotherembodimentofthepreseiitinvention.disclosureisprovidedherein 

fliat relates to amode of operation with an electronic lancet drive system where the 
inbound penetration of the lancet to the skin is determined by the amount offeree 
appUedbyflie motor. Referring now to Figure 10, the graph shows lancing sticks or 
events mto die same finger wifli different contact speeds. As seen in Figure 10, there is a 
20 strong correlation between speed and penetration No feedback is applied to obtain a 
certam position. As seen in Figure 10, the repeatability of the depth appears to be high. 
There is also a relatively predictable way that the skin tents above a certain speed. 

The currentmethod concerning lancing involves drivmgthe lancet at ahighrate 
of velocity to a predetermined depth, stopping at a given distance, and pulling out the 

25 lancetatagivenrate. In the present embodiment of tiie invention, the system involves 
an alternative control mode of operation where the intended deptii is not held constant. " 

Witii electronic lancing and position feedback, the lancing device 20 can meter 
the amount offeree it presents to the skin at nnpacL Hie contact speed will be higher fof 
a lancing cycle in which a higher peneti-ation deptii is intended, hi one embodiment, a 

30 velocity lookup table corresponding to tiie composite amount (flie average velocity 

necessary to achieve a certain depth tiirough iteration of many sticks) is set as one of the 
directions to tiie control sequence. There may be a desire not to exceed ttnreshold of a 
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certam position in Which the lancet control system int«venes and stops the lancet 6om 
peaetrating further. 

The tenting and penetration appeared to be more consist«it than when feedback 
isappKed. Whentherateofabladealreadycuttingthroughamaterialissuddenly 
changed, the cutting efficiency decreases and the Wade binds. This may translate into 
increases in the amount and variance of deflection, or tenting, of the skin. 

It should und«stood that this type of setup may be advantageous mode for some 

users. ThisistrueifthephysiologicalcharacteristicsthatdetenninesuccessiWsampling 
hold more consistently with force appHed rather than depth achieved. Successfiil 

samplingisdefinedasasufficientsamplewithaminimumofpain. The control system 
can introduce uncertainty for certain types of sticks by providing a position-based 
correction tiiat does not need to occur. The device is not limited to this forced-based 
mode. Both force and position based control may be loaded on the same device. 
Fixed contact point 

Referring now to Figures HA-llG, in one embodiment, the processor determines 
that the skin has been contacted when &e end tip of the penetrating member has moved a 
predetermined distance with respect to its initial position. If the distance fiom the tip 
961 ofthepenetratingmember 183 to die target tissue 233 is known prior to initiation of 
penetrating member 183 movement, the initial position of ttre penetrating member 183 is 
fixed and known, and the movement and position of die penetrating member 183. can be 
accurately measured during a lancing cycle, then the position and time of penetrating 
member contact can be determined. This mefliod requires an accurate measurement of 
the distaiice between die penetrating member tip 196 and die patient's skin 233 when the 
penetrating member 183 is in Oie zero time or initial position. This can be accomplished 
in a number of ways. One way is to control aU of die mechanical parameters that 
influence die distance from the penetrating member tip 196 to die patienfs tissue or a 
surface of die lancing device 180 fliat will contact die patienfs skin 233. TTiis could 
include the start position of die magnetic member 202, magnetic patii tolerance, 
magnetic member 202 dimensions, driver coil pack 188 tocation witiiin the lancing 
device 180 as'a whole, lengtii of die elongate coupling shaft 184, placement of die 
magnetic member 202 on die elongate coupling shaft 184, lengdi of tfie penetrating 
member 183 etc. If aU tiiese parameters, as weU as odiers can be suitably controUed in 
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manufacturing with a tolerance stack-up that is acceptable, then the distance from the 
penetrating member tip 196 to the target tissue 233 can be determined at the time of 
manufacture of the landng device 180. The distance could then be programmed into the 
memory of the processor 193. If an adjustable feature is added to the lancing device 180. 
5 such as an adjustable length elongate coupling shaft 184. this can accommodate 

variations in aU of the parameters noted above, except length of the penetrating inember 
183. AnelectronicaltemativetothismechanicalapproachwouldbetocaUbrateastored 
memory contactpointmtothememoryoftheprocessor 193 duimgmanufacturebased 

on the mechanical parametas described above. 

10 hi another embodiment, moving the penetrating member tip 196 to the target 

tissue 233 very slowly and gently touching the skin 233 prior to actuation can 
accomplish the distance from the penetrating member tip 196 to the tissue 233. The 
position sensor can accurately measure the distance &om the initialization point to the 
point of contact, where the resistarice to advancement of the penetrating member 183 

15 stops thepenetratmgmembermovement The penetrating member 183 is then retracted 
to the initlalizationpoint having measured &e distance to the target tissue 233 without 
creating any discomfort to the user. 

Using an acoustic signal to determine contact point 

In yet another embodiment, the processor 193 determines skin 233 contact by the 
20 penetrating member 183 by detection of an acoustic signal produced by the tip 196 ofthe 
penetrating member 183 as it strikes the patient's skin 233. Detection ofthe acoustic 
signal can be measured by an acoustic detector 236 placed in contact with the patienf s 
skin 233 adjacent a penetrating member penetration site 237, as shown in FIG. 31. 
Suitable acoustic detectors 236 mclude piezo electric transducers, microphones and the 
25 like. The acoustic detector 236 transmits an electrical signal generated by the acoustic 
signal to the processor 193 via electrical conductors 238. 

Using continuity in an electric circuit to measure contact point 
In another embodiment, contact ofthe penetrating member 183 with the patienfs 
skin 233 can be determined by measurement of electrical continuity in a circuit that 
30 includes the p'enetrating member 1 83, the patient's finger 234 and an electrical contact 
pad 240 that is disposed on the patienfs skin 233 adjacent the contact site 237 ofthe 
penetrating member 183. hi this embodiment, as soon as the penetratmg member 183 
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contacts the patienfs skin 233, the circuit 239 is completed and cunent flows through the 
ciicmt239. Completi6noflhedrcuit239can then be detected by the processor 193 to 
confirm skin 233 contact by the penetrating member 1 83. If the penetrating member 1 83 
has not contacted the target skin 233. then the process proceeds to a timeout operation. 

hi the timeout operation, theprocessor 193 waits a predetermined time period. If the 
timeout period has not yet elapsed (a "No" outcome from the decision box 267). then the 
processor continues to monitor whether the penetrating member has contacted the target 
skm233. The processor 193 preferably continues to monitor the position and speed of 
thepenetratmg member 183, as well as the electrical cuirent to the appropriate coil 214- , 
217 to maintain the desired penetrating member 183 movement. If the timeout period 
elapses without the penetrating member 183 contacting the skin (a 'Tes" output from the 
decision box 267). then it is deemed that the penetrating member 1 83 will not contact the 
skin and the process proceeds to a withdraw phase, where the penetrating member is 
withdrawn away from the skm 233, as discussed more folly below. TTie penetrating 
member 183 may nothave contacted the target skin233 for a variety of reasons, such as 
if the patient removed the skin 233 from the lancing device or if something obstructed 
the penetrating membCT 1 83 prior to it contacting the skin. 

Reduction in penetrating member velocity to determine contact point 
In another embodiment, the processor 193 may use software to detemiine 
whether the penetrating member 1 83 has made contact with the patiait's skin 233 by 
measuring for a sudden reduction in velocity of the penetrating member 183 due to 
friction or resistance imposed on the penetrating member 1 83 by the patienfs skin 233. 
The optical encoder 191 measures displacement of the penefrating member 183. The 
position output data provides input to the interrupt mput of the processor 193. The 
processor 193 also has a timer capable of measuring the time between intenupts. Ths 
distance between mterrupts is known for the optical encoder 191, so the velocity of the 
penetrating member 183 can be calculated by dividing the distance between mterrupts by 
the time between the intenupts. This method requn-es that velocity losses to the 
penetirating member 183 and elongate coupler 184 assembly due to friction are known to . 
an acceptable level so fliat these velocity losses and resulting deceleration can be 
accounted for when estabUshing a deceleration threshold above which contact between 
penetrating member tip 196 and target tissue 233 will be presumed. 
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This same concept canbe implemented in many ways. For example, rather than 
n.omtoringthevelocityofthepenetratingmemberl83.iftheproce^rl93« ■ 
controllingthepenetratingmemberdriverinordertomaintainafeedvelocit^^ 

powertothedriverlSScouldbemonitored. If an amount of power above a 
; p^etenrnnedthresboldisrequiredinordertomaintainaconstantvelocity.^^^^ 

Ltweenthetipof^epene^Bn^-ber 196andthes^233co.ldbe^^^^ A. 
of the above figures areinreference to figures fo«ndinU.S. Patent Apphcat.onSer.No. 

10/127,395 (Attorney Docket No. 38187-2551US). 

Usingaslowmovingpenetratingmembertodetemiinecontactppmt 

0 In a stiU forther embodiment, a new contact point algorithm is run before Ihe 

actual lance event. As a nonlimiting example, such an algorithm may be run 
immediately prior to lancing. . ,/ t. _»^a« 

20 fl^a.^(stftoi»toai,).mfi.«crma»-b«v.d.»dpS»caab.anypMo^^ 

body to be lanced. . 

0.8»elc«/^ Bihoddbe^^rstood ta.toisanodimi«ng sample fl» 
25 speedn».yb.bM»iB«»»-»oftol»cmg.ss«nWy. The more*, mass otU.. 
a,«»bly, speed Aouldbe. Since the energy su,«dtatt,a assembly.. 

de,«rt«d b, H MV'. *. desire is .o store a sufficiently small amoan. of energy s«>h 
ttrat.h.p«».n«ingmembe,doesne,pene.nUeordo.sn»tsisniacantlype.K.n^ 

' stratum comeum of the skill. 
30 ReferringnowtoFigurel2A-12C.thespeedofthepenetratingmemberis 

maintainedatthedesiredvelocityuntiltheStartContactSearchPomt400isrea^^ 
represent embodunent. this is simply first pointbefore the contact canoccur.-n.ecoa 
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po^r k turned off whea the Start Contact Search Point is reaA^ 

member assembly coasts. In one embodiment, this Start Contact Search Point may be 

whMe ttie fiont end of the device is located. 

Unimpeded, the penetrating member assembly in this present embodiment of the 
5 inventionwillcoastmitUtheStopCohtactSeaichPointisreached402. Inthepresent 
embodiment, this is simply the maximum point at which a finger can be placed for a 
valid strike to be achieved. Since the penetrating member assembly has a maximum 
depth limited by the physical stop, miless there is enough depth available (maximum 

depthKX)ntact point has to be > desired depth) there is no reason to continue the stick, 
lb This is also the way it is determined that the penetrating member would strike into air. 

While coasting, a base speed of the penetrating member at the beginning of the 
Start Contact SearchPoint is estabUshed and the speed of the penetrating member 
assembly is monitored. Position feedback and monitoring is discussed in commonly 
assigned copending U.S. Patent AppUcation Ser. No. 10/127.395 (Attorney Docket No. 

38187-2551) filed ApriI19, 2002, fijJly incorporated herein by reference. When a 
slowdown of more than a preset threshold (in one embodiment, we have found that about 
12.5% seems to work fine), the distance at which this occurs is recorded. In one 
embodiment, this distance may be recorded in the processor or in memory coupled to a 
processor. This is called the tentative contact point 404. Using a quadrature phase sensor 
in one embodiment of the present invention or other sensor, we can measure direction. 
The coasting continues until a reversal of direction or a timeout occurs with no reversal 
In one embodiment, if no reversal occurs, we may assume that either binding in the 

mechanical assembly occurred or the penetratmg member struck something that did not 
rebound. This is called a stall. " . 

Ifa reversal of direction occurs, we store this value or distance too. The 
difference between the reversal point 406 and tentative contact point 404 is calculated. 
Thepositions shown in Figure 12A purely illustrative and are nonlimiting. Ifthe 
difference is lower than a preset Uureshold, we know this is not a typical finger. Ifthe 
difference is above the threshold we declare it is a finger and the difference betweai the 
two is a measiJre of the stretchmg or tenting as discussed in copending US. Patent 
Application Attorney Docket No. 38187-2551US or Attorney Docket No. 38187-2677. 
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Ih one embodiment, the above rules resdt in maay output codes fix,m the co^^^^ 

algorithm. They are summarized below. 

1. Valid contactpoint detected (outputs contact point measurement and 

reversal point) 

2 Stop Contact Search Point exceeded. No contact point detected because 
flxere was no slowdown within the Contact Search range (Start Contact Search Point to 

Stop Contact Search Point). 

3. Start Contact Search Point error. The contact point (slowdown) was 
detected too close to the Start Contact Search Point such that the slowdown might have 
already started duringthe establishment of the base speed. 

4. stall -A stall is an error that results from a slowdown detected, but no 

reversal (described above), 

5. ContactHardSurface-thiserrorresultsfrdmathedifferencebetween 

the reversal and tentative contact point being is lower than a preset threshold. This 

indicates the object hit did not deform, so we know this is not a typical finger. 

The difference between the threshold vahie and the actual measured difference 

between the reversal point 406 and the tentative contact point 404 may be used to adjust 

the desired penetration depth. For example, if the distance betwe«i points 406 and 404 
is greater thanathreshold value, then this tissue exhibits more tenting than th^ 

tissue modeL The desired penetration depth may then be increased to account for the 
extratenting. On the other hand, if it turns out that the distance between points 406 and 
404 is less than the threshold, then this tissue exhibits less tenting. The desired 
penetration depth may then be reduced, by a proportional amount m one embodiment, 
since the tissue has less tenting to account for. 

After the skm or other tissue relaxes, the difference between the reversal position 
406 and the initial position 404 may be measured so that the amount of tenting T for this 
stick or lancing event is known. Now the actual penetration or depth in the skin or tissue 
maybe calculated and a new target depth may be calculated by adding the variance of 
the actualdepthftom&at of the threshold to the target depth to yield a new target depth 
that now compensate for the amount of tenting. In one embodiment, the engine or 
penetrating member driver that actuates the penetrating member is reengaged to achieve 
the new target depth which includes the distance to compensate for tenting. This process 
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is relatively fast such as but not limited to under about 50 ms. so that it appeara and feels 
like one operation to the user or patient In another embodiment, at least one separate 
probe may be used to provide skin qualities. As a nonlimiting example as seen in Figure 
12B, a sq)aiate piobe 410 with mass and dimrasion substantiaUy similar to that of the 
penetrating member 412 may be used to determine tissue quaUty. The probe 410 may be 
used to detennine features and then the penetrating member 412 fired to create the tissue 
wound. In another embodiment, a coaxiaUy mounted movable probe (slidable over the 
penetrating member) may be advanced to detennine tissue quaUty. 

Jn another aspect of the present invention, penetration depth may be controUed 
via speed and deceleration power modulation. Penetration depth of an electronically 
actuated penetrating member device is controlled by modulating the speed and the 
deceleration power. In other embodiments, the methodology was to accelerate the 
penetrating member to a constant speed and control depth by adjusting the point along 
the penetrating member trajectory where braking began. This current embodiment of the 
method takes advantage of the abihty to modulate the amount of braking power appUed 
as weU as flie abihty to modulate penetratmg member speed to control penetration depth. ' 
Penetrating member speed has also been studied and optimized for each depth setting. 
Varying the braking power provides a stiU fiuther variable which may be adjusted to 
provide improved penetration depth control. It may also allow for more variety in 
velocity profiles used with actuating the penetrating member. 

Referring to Figure 13, as a nonlimiting example, being able to increase the 
braking force allows a user to increase penetration velocity and maintain that velocity for 
a longerperiod of time in the tissue and then bring the penetrating member to a stop a the 
desired depth, ia other embodiments as seen m Figure 14, it may be desirable to brake 
slowly over a greater distance and thus provide a soft stop, hi a yet further embodiment 
as seen in Figure 15, die braking force may be modulated to be any combination of the 
above such as but not hmited to an initial hard braking foUowed by a period of soft 
braking to bring the penetrating member to a controlled stop. It should be understood 
that any combination of the above hard and soft braking may be used. Variation in 
braking force also provides an additional variable during feedback control such %it 
position of the penetrating member as it nears a desired dqpth may be braked mib. more 
force so that flie penetrating member stops at the desired depth. It should be understood 
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that the above may be used with an electronic lancing device as disclosed in U.S. Patent 
Application Attorney DocketNo. 38187-2551US. Thebiakingforcecontrolniaybe 

adapted for use with a processor. The brakmg force control may be used with a m^^^^ 
penetrating member device such as that disclosed in U.S. Patent AppUcation Attorney 

5 DocketNo. 38187-2657. 

Referring now to Figure 16, a schematic representation of the reperfusion of skin 

after impact with a tent and hold motion profile is shown. This figure .is not to scale, and 
does not describe depth. This is a top down schematic view onto the skin or tissue. 
PenetrntingmemberstrikesperpendicularlytotheskininareaA. Blood is initiaUy 
0 forcedouttoanaieaD. Blood will quickly return firomD to C as the skm settles after 
the shock of impact. Tent and hold allows blood reperfiision fix,m C to B and is due to 
the delayed deformation of the skin tissue hnmediately around A, unloading the 
peripheral skin tissue vasculature. The vasculature also functions as apressure system, 
forcmgblood towards the penetrating member after adehiy that is related to the force of 
15 iBipact. Thispressuringisonefi«A>rinincreasingspontaneousbloodgener^^ 

RsfeiringnowtoFiguren.twocomponentsofretractionprofileareshown: As 
a nonlimiting example, reference letter A shows a ««hold-to-neutrar position or r^ge - 
when skin-penetrating memb« interface migrates together, and the ddn settles naturally 
after the impact force tents the tissue. Perfiision acts as three-dimensional function of the 
20 pressure. Pressure distribution and per&sion is cone-shaped, as Ulustrated by the blue 
triangle below. Reference letter B shows neutral to exit position or range where the 
actuator retracts the penetrating member from the skin. 

Referring now to Figure 18, a high resolution image of the penetrating member 
and skin interface is shown. Specifically, the figure shows a "hold-to-neutral" phase- 

25 when skin-penetrating member interface migrate together. 

Referring now to Figure 19. ahigh-resolution optical image of skin relaxation 

"Natural Settling" with skin relaxing unimpeded by penetrating member. 

hi some embodiment, a tent and hold profile 1 at 2.6 ms may be used. A tent and 

hold profile 1 at 6.6 ms is used in some embodiments. Primary visible skin buckling has 

broadened, ^d proximal edge of the wound chamxel has sUd up the penetrating member 

shaft. A tent and Hold profile 2 at 3:9 ms is shown. Other experiment parameters are held 
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constant A tent and hold profile 2 at 6.6 ms is shown. lie buckling is not as evident. . 
but flie sliding is more obvious. 

Referring now to Figure 20. a Nahual relaxation 4 seconds after the strik^^ 
shown. After a good initial spontaneous flow, die flow stalls. 

ReferringnowtoFigure21.aTentandHoldprofile2at4sisshowa The 
motionprofile results in an extended period of high spontaneous flow. Module fills 
despite large offeet of the skin relative to tile collection channel. 

Spontaneous blood yield can be achieved by a lancing motion profile that holds 
die penetrating member at maximuih extension for a prolonged period of time The 

vrscoelasticoftheskinmayaUowforamomentarytissue deflection that wouldrebound 
immediately after the penetrating member was retiacted. A tent and hold lancing piofile 

counteractsthisnaturalpropertyoftheskin. In one embodiment, drepenetrating 

member driver can maintain an extended position for about 2-8ms. and flien make a 
controUed retraction out of die finger. Hie skin will slide up flie penetrating member 

shaft as die collagen matrix in die reticular layer inelasticaUy deforms. In this 
nonlimiting example, die penetrating member continues to cut. but only as aresult of die 

relaxation of the surrounding tissue. This deformation during die hold happens rad^^ 
aswellasaxiallytodiepenetratingmembershaft. Widi tissue compressed more ev«ily ■ 

around die lanced area, die resulting wound maintains it shape longer before it coll^se^ 
into a dun line diat would resurt blood spontaneously rising to die smfece. lUe womid 

shape may exhibit increased blood sufficiency by counteracting tissue rebound 
characteristics using die tent and hold profile. 

In one embodiment, to achieve a "tent-and-hold" event, die penetrating member 
penetrates to die intended depdi and dien may maintain die position in tii. skin to prevent 

orretarddierelaxationofdietissucwhichwouMnatuiallyr^tumatapproximatelyl 
m/s. m one nonlimiting example, holding die penetrating member in die skin between 

about2to lOOmilliseconds appears beideal to achievespontaneous blood yield. Deeper 
lances will require more "hold" time. In one embodiment, hold may be achieved by 
removing die drive force fiom die penetratir^ member whUe. letting die skin or tissue 
relax and reposition die penehating member. Motiier embodiments, hold may involve 
placmg die penetrating member at a fixed depdi and maintaining tiiat depdi for die 
desired period. Aldiough not limited by die foUowing. motion piofiles for which die 
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hold tinie is longer than about 1 second may introduce a deleterious phy^^^ 

from thepatient or unnecessary pain. It may also usemore power ftomthemotor to 

„«i„tain the position of the penetrating member for an emended penod of bme. 

Some advantages of a "tent-and-hold" motion profile or trajectory waveform 

include: 

1 ihtegrityofthewoundchamielbydecreasingtheefifectofdistensionmflie 

wound channel. TTie viscoelastidty of the skmmay allow for a momentary tissue 
deflection thatwouldrebound immediately after the penetrating member was retracted. 

Atentandholdlancingprofilemaycomiteractthisnaturalpropertyoftheskm. Tins 
behaviorcanbedirectlyobservedwhenthepenetratingmemberisheldforgreaterth^ 

200 microseconds. The skin will sUde up the penetrating member shaft as the collagen 
niatrixinthestratumreticularelayerinelasticaUydeforms. Hie penetrating member 

continues to cut. but only as a result of the relaxation of the smrounding tissue. Uns 
deformationduringtheholdhappensradianyaswellasaxiallytothepenetratmg 
oxembershaft. With tissue compressed more evenly around the lanced area, the resultmg 
woundmaintainsitshapelongerbeforeitcollapsesintoathinline.whichmay^^^ 

blood spontaneously rising to the isurface. 

2 AlimitedamountofpinchingandsubsequentbindiBgofthevenuoles(at 

deq,er lancing depths)bysurrounding tissue at the target depth. In one nonlimitmg 
example,astrike with thebest yield would involve the larger venuoles at higher depths 

filling the chamielwithblood. As the blood moves with the retracting penetratmg 
xnember up the channel, the mside of the channel is coated with blood, allowing the 
blood in smaller venuoles with higher pressures to overcome to use the advantage of the 
bloodsnaturaisurfece tension to lower the pressure threshold that would prevent blood 

spontaneously coming to the surface. Ilie momentum thatawell-executed tent andhold 
with an appropriate retraction rate would build in the lancing channel not only decreases 
the number of sticks or lancing events with no spontaneous blood, but decrease the 
number of spontaneous sticks that are spontaneous but would require milking of flie 
fingertogatherasufficientsample. llusmcrease in the yield/depth ratio would thereby 
30 reduce pain/yield, as an optimal retraction speed profile would reduce fee depth 
sufficient to gather a sufficient sample. 
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3. The force of the impact evacuates the blood fiom flie area around the 
peaetrating member chamiel. This lack of movement after the impact allows for 

rq)erfusipn into the area ofthe strike before any significant movement occure. If the 
pressure is too high in the tented tissue area, the blood may not return until the retracHon 
5 is perfonned. However, the coherence and focus of the tissue reperfusion is greater with 
the device-controlled relaxation of the penetrating member. 

Once the penetrating member holds a certain period of time, there are two 
components of the retraction profile that influences blood spontaneously reaching the 
surfeceoftheskin. The held-torneutral subcomponent, (which may be at a speed), 
10 which faciHtates a focused and optimal reperfusion of the lanced area; and the neutral-to- 
exit subcomponent, which aUows the penetrating member to perfomi at least one of the 
following: 

Travel without binding or damaging the wound channel. 

Prevent the channel from closing up abruptly, enabling blood to displace 
15 the penetrating member as it performs a controlled exit 

The powCT requirement to hold a penetrating member may vary. Variations may • 

be due in part to type of drive device such as but not limited to solenoid or voice coil and 
the like. In another embodiment, the penetrating member may apply a force only great 

enough to slow therelaxationofthe skin, but not to hold the relaxation of the skin. The 
20 relationship of the power to tent-and-hold, or danprand-hold may be related to: the skin 
characteristics e.g. hydration, possibly stratum comeum thickness. The power used to 

retract the penetrating member from a given dq)th or given skin may be used to relate 
characteristics of the skin. The wound stabilization characteristics required to get the 
blood out, reorientation of collagen fibera to keep the channel patoit, may depend on the 
25 velocity profile used. 

Some of the various embodiments of motion profiles, veloci^ profiles, or 
velocity wavefomis are shown in Figures 22A-22C. As a nonlimiting example. Figure 
22A shows a velocity versus time chart for a tent and hold velocity profile. After the 
hold period 500 where sufficient force is appKed to hold the penetrating member, at the 
30 cmrent depth in the tissue, in this embodiment, there is a withdrawal phase 502 where 
the penetrating member is backed out of the tissue at a velocity slower that the average 
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entryvelocity. The portion 502 is for velocity on the withdrawal of the penetrating 

manber from the tissue. 

Referring now to Figure 22B, another embodiment of the velocity profile is 
shown, m this embodhnent, the profile is characterized as a "tent and damped hold" 
where sufficient force is appUed to the penetrating member to allow it to move 
retrograde, but at a velocity slower than that which it would move if no force were 
applied and the skin or tissue naturally relaxes. The damped hold over region 502 may 
occur at acontroUedrate. After this damped hold, the penetrating member may be 
backed out of the skin at reduced velocity as indicated by 502. 

Referring now to Figure 22C, yet another embodiment of a velocity waveform is 
shown. Figure 22C shows an embodiment where there is a hold period 500, after which 
thepenetratingmemberiswithdrawnusingastepped withdrawal. In one nonlimiting 
example, the steps occur so that the average withdrawal speed is less that the average 
penetrating member inbound speed. The stepped configuration may provide more time 
15 forcollagenintheskintoformaioundtheshaftofthepenetratingmemberduringeach 

withdrawal motion so fliat the wound shape and patentness of the wound channel maybe 
maintainedmoreeasily(temporarily)bythecollagen. Uris aUows body fluid to more 
easily follow the wound tract created by the penetrating member so tiiat the fluid can 
reach the surface. The steps may be at various spacings such as but not limited to about 

20 50msperstep,75msperstep,10Qmsperstep.orothersteptimesasdesired. 

Referring now to Figure 22D, a stiU further embodiment of the waveform is 
shown. Figure22Dshowsaprofilewherefheholdperiod500isofanextendedtime. 
This may allow the collagen to form about the penetrating member to help maintain the 
patentency of the womid chamiel. After a selectable amount of time, tiie penetrating 

25 membermaybebackedoutoftheskinasindicatedby512. Theembodimentshownm 

Figure 22D has the pull out occurring at an average velocity greater than that of the 
average inbound penetrating member velocity, m one embodiment, the overaU time that 
thepenetratingmemberisintiietissuemaybeaboutSOOms. In other embodiments, the 

• overalltimemtissueorskinmaybeabout450ms,400ms.350ms,300ms,250ms. - . 

30 200ms, 150ms, 100ms, 75ms, 50ms, 25ms. 20ms, or 15ms. These number may be 

applicable to any of the velocity profiled disclosed herein or in the profiles shown in U.S. 
Pat«it Application Ser. No. 10/127.395 (Attorney Docket 38187-2551). 
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Figure 23 shows an embodimeiit where it should be understood the penetrating 
member velocity may be increased or decreased or maintained based on various decision 
points along the velocity trajectory. Further disclosure can be found in commonly 
assigned, copending U.S. Patent Application Ser. No. 10/420,535 (Attorney Docket No. 
38187-2664) filed April 21, 2003, and fUUy incorporated herein by reference. 

Referring now to Figure 24. a stiU further embodiment, a controller may also 
account for pressure fiom applying a fiont end of the body fluid sampling device to the 
skiii or tissue. The effect of fix)nt end pressure and stretching are discussed in U.S. 
Patent No. 6,306,1.52 fuUy incorporated herein by reference. Stretching fiom the fiont 
end mayinfluence the amount oftenting of the underlying tissue. In one embodiment, 
the fiont end 560 may have an aperture sized of about 4.5 mm. The aperture may be 
varied in size firom annular ring, square, triangular, polygonal, hexagonal, or other 
shaped, hi one embodiment, the front end 560 may be movable into the housing as seen 
in Figure 25. Hie front end 560, when depressed, may configured to only provide a 
selected amount of force, tiius making the tenting quality of the skin more controUable. 
In other embodiments, a pressure transducer 562 may be coupled to the front end. The 
measurements from the pressure transducer 562 may be used by the contioUer 564 to 
adjust the tenting adjustment. Various adjustment amounts may be stored in a lookup 
table in the device. The pressure transducer 562 may also be used during calfljration or 
measurement of the tenting T so that it will be recorded and adjusted for if later lancings 
with the device do not occur at the same pressure. The tenting amount T may be 
adjusted based on the pressure used during the original measurement and the amount 
being ^plied during the current lancing. 

In a still further embodiment of the present invention, a method for accurate 
control of penetrating member depth wUl be discussed. Referring now to Figure 26, the 
invention claims that the true depths may be consistently obtained for a desired depth by 
lancing to the desired depth neglecting tenting. In one embodiment, after this first depth 
530 is achieved, the drive is turned off and skin or otiier tissue is aUowed to relax untU it 
has a neutral or "un-tented" as shown in Figure 17 and per previously described in 
commonly asligned, copending U.S. Patent Application (Attorney Docket No. 38187- 
2551) filed April 19, 2002, and incorporated herein by reference. In Figure 14, this 
position is shown at position 532. 
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After the skin or other tissue relaxes, the difference between llie deepest 
penetration to position 530 and the relaxed position 532 may be measured so that the 
amoimt of tenting T for this stick or lancing event is known. Now the actual penetration 
or depth in the skin or Ussue may be calculated and a new target depth may be calculated 
by adding the tenting distance T to the target depth to yield anew target depth that now 
compensates for the amount of tenting (assuming the position 530 represented the 
desired depth of penetration into tissue. M one embodiment, the engine or penietrating 
member driver that actuates the penetrating member is reengaged to achieve the new 
target depth which includes the distance to compensate for tenting. This process is 
relatively fast such as but not limited to under about 50 ms, so fliat it appears and feels 
like one operation to the user or patient 

In other embodiments, once the tenting T is calculated, flie tenting amount T may 
be used for subsequent lancing events. A penetrating member controUer (not shown) 
may inchide or be coupled to memory that will, store this tenting distance. Thus, 
subsequent lancing events may be configured to account for the tenting distance on the 
first inbound stroke and achieve a desned depth without necessarily using a tme depth 
type penetration stroke on each lancing event Thus the depth for penetrating member 
penetrationwininchidead^ireddepthDandlhetentingT. The calculation of tenttogT 
may be initiated on a first lancing event by the user and on any subsequent lancing 
events as desired by the user for recahbration of tenting purposes. In still fiirther 
embodiments, the tenting distance T may also be adjusted by a certain amount (such as 
but not limited to ±1%. d2%. ±3%, ±4%. ±5%, ±6%. ±7%, ±8%, ±9%. ±10%, or more) 
based on the time of day and hydration pattern of the user or patient A lookup table 
containing different tenting distances T may also be used to pick off the desired amount 
of tenting compensation based on a number of variables such as but not limited to: time 
of day, hydration, age of patient, or other patient information. 

In some embodiments, the penetrating member on the inbound path penetrates 
into the tissue during the tenting measurement In other embodiments, the penetrating 
member does^not folly pierce the patient while gathering information of tenting distance. 

Referring now to Figure 27 and 28, further embodiments of the present invention 
wiD now be described. These embodiments relate to modifications for the electronic 
drive mechanisms used with the present invention. 
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Soloioid Study . 

The objective oif the solenoid study is to further understm^ 
look for techniques to &rther enhance the force capabiHty. The existing solenoid design 
results in a very non linear force profile, and in aU changes we are looking to increase the 
overall force while improving the low points in the achievable force. 
2.1.1 Disk Thickness 

Several modeling runs were conducted to study the effect of increasing the 
thickness of the coil disks on the peak coil force. It is thought that the disks are in 
saturation at (he imier diameter. Therefore increasing the thickness of the disk reduces 

thesatuiateddimieterofthedisk.concentratingthecoilfluxclosertoQiecentre. Tins 
increases the available force when the slug is away fiom the disk but has little effect as 
the slug approaches the disk, resulting in litfle change to the low points in the force 
profile. 

For other embodiments, additional work was done looking at tapered disks and 
othermethodsofthickeningthediskwithoutcompromisingcoilvolume. Fromthisit 
was seen that the shag force is greatly reduced once the front face of the slug enters the 
disk. In one embodiment, a 0.3mm disk offers a good compromise between foree and 

available coil volume without introducing flat (near zero force) poirits in a single, coil 
energizatipn curve. 

20 2; 1.2 Slug Dimensioiis 

Several modeling runs were conducted to study the effect of varying the length 
and the inner and outer diameter of the slug on the peak coil force. In one embodiment. 
, it was found that increasing the slug length was beneficial, so this was set at 4.87mm. 
There was also a significant and increasing relationship between outer diametw and peak 
force-itwasdecidedtosettleonaslugODof3.6mminoneembodiment Overthe.. 

range modeled, the effect of varyingimier diameter was negligible, although slug mass 
was decreased. 

The above table shows the effects of increasing the slug dimensions. The latter 
results from ID of 2 - 3mm are extrapolated from the results and show the most 
promising increase in force available. IMs force is shown in terms of the Acceleration 
factor, i.e. die abihty of the solenoid to accelerate the Total Caniage Mass. 
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From these results we estimate that some controlling factors are the Slug End 
Area, relating to the area available for the flux lines to act upon andtiie acceleration 
factor. Assuming this is correct, in one embodiment, the desired dimensions for 
increased force are an OD of 3.6mm with an ID of between 2.6 and 2.8mm to match to 
the existing end area at an OD of 2.4mm 

2.2 Split Slug 

In one embodiment, the concept behind the spUt slug was to even out the force 
profile over the whole slug throw by firing two coils simultaneously, whilst ensuring &at 
when one slug is in an active force region, the other is producing no force and vice versa. 
This route was particularly interesting as a way of linearising flie force profile. 

2.2.1 Split Slug -trating 

m order to test the theoretical force curves, two pairs of metal slugs were made. 
Onesetwas2.53mmlongandtheotherset2.33mm. These sets were sUd onto the end 
of metal wire with a spacer between the pairs to set the coU pitch at 3.28mm. This 
spac« dimension was based on the shnulationdata suggesting an optimum gap of 1.41 x 

coil pitch. 

In one embodiment, a static test was performed - the force appUed to the slug 
assembly by a smgle active coil at several fixed positions through the coU was measured. 
The end of the slug assembly was attached to a 600g load cell, and the coil was attached 
toatracklhalallowedtheshigtobeaccuratelypositionedwithinthesolenoid. A15.6A 

constant current supply was appUed to the cofl for a duration that allowed the force 
applied to load cell to stabilize (35ms).. 

In one embodiment, starting with the back edge of the slug flat with the back 
edge of the solenoid "zero position", the slug was moved in 0.2mm increments through 
the solenoid; this allowed a force profile for the slug and solenoid to be recorded. 
Profiles were recorded for the 2.53mm pair of slugs. 2.33mm pair of slugs, and 
individual shigs at 2.53nun and 2.33mm. 

In one embodiment, the static test force profiles for the spUt slugs can be 
compared tp the results from a previous static test done on a fiiU-length single slug as can 

be seen m Figure 28 which illustrates a split slug force profile. A full length 4.87mm 
slug generated 1.5N. The peak force for a 2.33mm slug was 0.92N. The peak force for a 
2.53mm slug was 0.96N. The force on a split slug completely changed direction in 
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O.amm fitan peak to trough. At the overlap of coil iufluoice a maximum of less than 
0. IN could be applied to the slug in eidio: direction. 

In some embodimente, by gomg to a split slug design, the drop in ihe overall peak 
force available was significant The peaks and troughs in force arc still large enough to 

5 make it difiBcuit to assume an effective linear control strategy. The large drop in force is 

likely due to plate saturation. The plates closest to the active coil saturate when turned 

on and the magnetic field extends to include the next set of plates, the smaller slugs are 

too smaU to make effective use of the force provided fiom these more distant plates. 

2.3 Electrical Lnprovemetns 

10 In one embodiment, the main aspect of the electrical system is the power supply 

and the FBT drive. This systan takes up considerable space as large capacitors are used 

to supply sufiBciesnt energy to the solenoid. 

2.3.1 High Voltage Drive . 

Referring now to Figure 29, in one embodiment, the current power supply is 
15 based around a 15;5V boost converter using 20V rated FETs and 16V rated electrolytic 
capacitors. By increasing the voltage which the boost converter supplies, the energy 

stored in the cqjacitors is significantly improved in accordance with the equation: 
Energy = A higher voltage system would use different capacitors and transistors, 

but the c^acitance used to achieve equivalent energy storage would be greatly reduced 
20 and consequently the size of the c^acitois. 
Approach 

In one embodiment, the next common voltage range of capacitors above 1 6V is 
35V and therefore it was decided to test a 30V system using an equivalent energy 
capacity to 13600nF at 15.5V which is approx. 3300^Fat30V. In addition the FETs 
25 • tested were dual FET packages rated 55V -Part No. mF7341 

In one embodiment, a test were devised to give a comparison of available force 
between the 15.5V and 30V systems. Static tests could not be used to obtain a force 
profile for the higher voltage system, as a steady supply that could provide the desired 
energy to the system could not be acquired. A dynamic test was seen as the best 
30 alternative and most accurate measure of pCTformance for a 30V system. 

In one embodiment, the coil was placed vertically so that the slug could be fired 
upwards to reduce die effects of fiiction in the system. The slug assembly's weight was 
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adjusted so that it was exactly Ig, tins enabled the slug to be fired ataslowerspe^^ 
whichreducedenoodernoise. A logic analyser running at lOOMhz was attached to the 
outputoftheopticalencoderinordertologthetimeatwhichencoderedgeinputs 
occurred. The slug was moved so that its back edge was flat with the rear of the solenoid 

"zero position" (see Figure 30). 

First - the central coU was pulsed at lOO^s to ISOOjtS at lOOjis intervals to check 
that the acceleration profile was independent of pulse length. 

Second - the startmg position for the slug was raised through fee coil at 0.5nun 
i^rvals to 2.5nnn and the central coU was fired for 1200,s at each of these positions. ^ 

Finally - in one embodiment, the e^dra weight on the slug ass«nbly was removed 
(„.akingthewdght0.28g). this was inorder to getaspeedcomparisonto previous tests 

performed at 15.5V. The slug was moved so ttiat its back edge was flat with the rear of 
the solenoid and the central coU was fired for 1200(is. 

Daring an of the tests at 30V. the cartent that could be drawn to charge the 
c^acitors was limited to 0. 1 A (0.2A was allowed for all previous experiments at 1 5.5V). 
For a given starting point all pulses accelerated the slug along the same acceleration 
profile. FigureSl shows thespeedtracesfordifferentpulse lengths in t^Seconds. 

m one embodiment, by incrementing the start position of the slug towards the 
activecoiUtheaccelerationoftheslug appears to increase. The noise in the system 
n^eans accurate measurement of the discrepancies between the acceleration is virtually 
in^ossible. However, it was possible to calculate the average force over a broad section 
of the forceprofile by using the maximum speed achieved and the associated tmre to 
obtain an average acceleration value. The mass was then divided in to obtain the force. 
The noisy position data was not significant over large displacements and therefore ^ 

average force widiin those displacements couldbecalculatedusing the data shownm 

Figure 31. . • 

In one embodiment, by removing the extra weight fi«m the slug and firmg it 

from the zero position with the middle coU the slug reached a maximum speed of 
15 5m/s. The energyinthe3300,Fcapacitorwithalimited0.1Asupplywas sufficient 
to accelerate the slug assembly to 15.5m/s and then de^lerate the slug toacompletestop 
without any deterioration in the acceleration profile. The lower voltage system showed 
some deterioration in acceleration during the braking section of an equivalent test. 
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TTie acceleration proffle is mdependentofthe pulse length The force on the slug 
hais been increased significantly with no detrimental eflFects observed This has been 
done with the use of smaUer capacitors as highlighted by the lower mass experiments, ' 
The average force produced by the 30V system was 6.6N compared to an average force 
of 3.7N for the 15.5 V system. The clear advantages of this approach are: 
. * Smaller capacitors 

Higher forces, giving faster acceleration / deceleration, 
increased ability to pull out, push in static / standing forces 

Increased magnetic field influence (potentiaUy fewer coils used) 
2.3.2 Recommended next steps -Electronics optimisation 

Change the 15;5V PSU rail to a 30V rail and change the capacitor size to 

3300mf. . 

A possible further avenue of exploration is to measure PSU mcrgy use 
during the complete firing cycle and use these results to set the absolute minimum size of 
the capacitor. 

Redesign of the boost converter using a transforms to optimise the 
efiSciency of the converter at this higher voltage. 

A new rig is currently being designed in order to obtain the higher positional 
resolution needed to gain an accurate force profile. 

3 Control System Development 

3.1 Objective 

The launcher system technical objectives include: 
accelerating to a speed of at least 4m/s. 

achieving a positional accuracy on stopping of +/- 0.05mm at. any set 
depth between 0:5 and 3.5mm 

retracting flom the skin under control at slow speed 
The obj ectives of this part of the work were to create a model to test control 

algorithms for the system and fo create and test the models oyer a 
conditions. 

3.2 Approach 

3,2.1 Modelling environment 
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One embodiment of the launcher system was modelled in Matlab / Simulink. 
Matlab is a numerical modeUing environment able to manipulate and conq.ute 
ma&ematical models based on matrices. It is both command-Iine and script driven. 
Simulink is an extension to MaUab. It is a graphical environment which allows dynamic 
5 system modelling using the notation and conventions of control system block diagram 
models Modelsaredefined,mitialisedandthenasimulationoftheirdynamicbehaviour 
is run over a specified time sequence. Using Matlab scripts, multiple model runs were 
■ executed enabling fast analysis of model senativity to variables. 
3.2.2 Model composition 
10 The Simulink model aeated is in two parts: 

the controller, which runs the control system software. This handles all 

phases of the launch and r^r«:t cycle 

■. the test shell, which is a model of selected physical features of the 

launcher and the electronic input / output system, essential for testmg the controller. 

Referring now to Figure 33. one embodiment of a launcher system model is 
shown. The«wn>achwasmodularanditerative-thedifferentsystemfonctionsof 

sampling, controlling speed, timing the coil current were spUt so that each could be 
improvedinisolation. The components of&e model are shown in Figure 7. Durmgthe 
development of the model, some fiirther decisions on implementation were taken - 

20 chiefly on the PWM/ Coil drive system. 

The controUer has two parts - the state controller and the dynamics controUer. 

The state cbntroller is designed to execute the whole launch cycle - acceleration, 
braking, then slow and fast retraction The dynamics controUer deals with adjustments to 
the coils to achieve control of flie carriage. 

The test shell and the controller were both initiaUsed from a Matlab script which 
sets 1^ global constants for the current simulation run. During the run. simulation data is 
output to Matlab where it can be stored and later analysed. The main focus ofwork 
during development was on achieving a tight positional accuracy on insertion. 
3.2.3* Realism 

30 In operation, the launcher electronic system has many interactions but the system 

elements with the biggest impact on the control algorithm are: 
the encoder 
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the technique used to drive the coils 
the coils themselves. 



The some characteristics of the launcher system which were used in the model 
are tabulated here: 



5 



Skin 




CoD 




position 




Coil force gain 


3Npeak 


Skin force gain ' 


114 N/m gives 0.4N 
@3.5n]m 


Coil ofi&et from zero 
position. 


3.5nini 


noise s.d. 


3.5% 


Coilpitdi 


233mm 


depth setting ' 


0 - 3 Jmm.in 0.1 mm steps 










PWM 




Encoder ~- 




PWM period 


50ms 


Number of channels: 


2 


resolution 


8bit 


Positional resolution: 


42,32Min 


throttle setting 


50% 


Standard deviation of 
positional measurement: 


+/- Ifun 














Carnage 








Mass . 


2.98g 







3.2.4 hnplementability 

In order to be fit to implement in a low-end microcontroller, the control algorithm 
must be constructed fiom a Umited set of mathematical operations and run at a speed, ' 
which wiU fit within its computational capabiUty. In outline, the mathematical fimctions 
10 that will be used are: 

16-bit fixed point add /subtract 
16-bit fixed point multiply/divide 
Look iq> table. 

During this phase of testing, ftOl 32-bit floating-point arithmetic was used. 
15 ' 3.2.5 Force Control -Pulse width modulation and coil firing 

To achieve control over the level of coil force developed, the model contains a 
PWM module.*This pulses cunrent to the coils in time slots of 50ms. Within this period. 
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the time resolution was 8 bits, giving 256 selectable firing durations. Averaged over the 
PWM period, this gives direct control of the average force. 

Referring now to Figure 34, a 5 CoUs Force Profile is shown. 

A simple rule was needed to decide which coil to fire during the cycle. Static 
5 foicetestsonthesolenoidsprovidedaforce-distanceprofile(seeFigure34). The 
controUer was programmed to use the following simple switching rule: 

m this embodiment, at all positions, select the coil that wiU generate the greatest 

force. 

This rule was encoded in 2 tables of 4-elements containing the switchover pomts 
10 fortheScoilsforinsertionandretraction. Because ofthe modular approach, the coU was 
treated as an instantly responding actuator. This means tliat other combinations of coil 
switching e.g. 2 coils at once can be employed within this module without affectmg the 

architecture of the system. 

3 3 Control Techniques studied 
15 Thephysicalsystem(plant)midercontrolisamovingmasssystemwithahnost 

instantaneous direct control of the appUed force. The only plant infomiation is the 

position of the carriage. TVo techniques were studied to acMeve positional con^^^ 

3 3.1 AccelOTtion-based 

m one embodiment, acceleration was measured by di^tiating the position 
20 signal twice. andaveragingthissignaloverthePWMperiod. Tliis smoothed value was 
usedasaninputtoasimpleproportionalcontroUer.employingnomtegralordenvative. 
action-seeFigure35. THe output was fed to the PWM module as a time demand - 
wMchistranslatedtoaforceasdescribedabove. -me results of this procesdng were 

favourable. . ^ i • 

25 As seen in Figufe 35. a portion of the control algorithm - Acceleration control, xs 

shown. . . 1 ^ 

m this algorithm, the throttle is a logic signal, and the PWM demand is evaluated 
when triggered every PWM period (50ms). Hie PWM demand is a smoothed version of 
the acceleration error as the sum takes mputs from both the current and previous PWM 
30 periods. Tterearethreemodelparameters-theconstantPmivalueandthetwogam 

Figures. 
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The rationale was to create a servo system which would respond quickly by 
adjusting the coU force in response to any given acceleration demand. If this were 
possfljle, velocity and position could be controUed accurately as a result The 
acceleration demands are set according to a state controller which runs the launch arid 
5 retract cycle and is common to aU the models discussed here. 

A side effect of measuring the acceleration is a real-time measurement of the coil 
force during the previous PWM period. The acceleration controUer's reason for being 
and its main error input is the variation in coil force caused by the solenoid. 

In one embodiment, a forward-looking condition was then used to initiate 
10 braking. The results of testing this algorithm can be seen in Figure 36 and further 

discussed in Figure 44. A sign of the correct operation of this algorithm is the variation 

inPWMdutycycleinsympathytovariationinthecoilforce.whichcan.beseen. Oneof 
the initial findings about this controller was that it is sensitive to gain values that arc cpil- 
dependent. It also failed to use the maximum force regions of the coils to fuU advantage, 
because it was targeting an acceleration value which was achievable even in a low coil ' 
force region. This was quite unsatisfactory as a hard braking method. 

Following initial testing of this algorithm it was decided to focus on the energy 

control algorithm. The acceleration control algorithm was not tested with later model 

enhancements. 

20 3.3.2 Energy based 

to outline, the 2nd technique of controlling to achieve positional accuracy was 
based on equating the energy available to stop the carnage in the remaining distance with 
the kinetic energy, which it has at the skin entoy point 

The approach was to send the carriage on a braking profile that uses a fixed 
fiaction (the energy set point) of the total work available fiom the coils. In practice, this 
is achieved by setting the PWM value at a constant fiaction of 100% duty. Because the 
coil force varies with carriage position, the effect of this on the carriage is to decelerate it 
onanunevenspeedprofile. The speed profile can be calculated from a coU force map. 
which is obtamed experimentaUy, is stored, and forms part of the control algorithm. 
Three important quantities are now introduced. These are shown on Figure 37: 
The energy / speed set profile. For a given energy set point, it is known 
what the coU force, and therefore the woric done by the coU, wiU be, throughout braking. 
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n»e work done on the carriage by the skin is also known. By adding these together, the 
total work done on the carriage is calculated. Therefore, the idealized proffle of carriage 
kineticenergyagainstdistancecanbecalculatedforthebrakingphase. Thisisusedas 
the set point profile for control. Assunnng there are no errors in the prediction of force 
on the carriage, this is the profile the carriage will follow when braked atthe energy set- 
point with no intervention firom the controUer. 

The total work available to brake the carriage fi»m the skin + the coils. 

This is all the work that c^ be done on the carriage as it travels to the desired skin depth. 
It is also the profile which the carriage would follow under the action oflOOo/o cod 

braking and skin force. This defines the control envelope -if the carriage kinetic energy 
departs outside this curve, it is certain to overshoot the stopping pomt 

The difference between the energy set-point and the total work available 
is the energy margin. This spare work is used to correct for errors between the actual 

speed and the set speed. ^ 
In principle, to obtain a high level of brakmg. a small level of energy margmrs 
used To compensate for a large level of errors, a larger energy margin is used. The 
trade-off between the two can be reduced by improving the performance of the m-bmlt 
control system. A diag.^ of the energy control algorithm is shown m Figure 38. 

Referring now to Figure 3 8. another portion of the control algorithm - energy 
control, will now be described. In this embodiment, this algorithm is continuously 
evaluated. A lookup table is used to read the cmrent Figure for ''braking work". The 

"skin wori^' is pre-calculatedby a fomiulabased on skm depth and is also stored m a 
lookup table. The energy set profile is calculated firom the sumof skin woricandbrakmg 

work (scaled). The error (energy error) produced by subtracting this firom the carnage 
> kmeticenergyisthenscaledbyagamandmodifiesthefixedPWMvalue. 

The main error source which the controller acts on is the error between the 
predicted force ^stance relationship of the skin and its actual value, together with the 
associ^edvariation(skmnoise). Tliis is therefore one ofthe main testing usements. 
hnplemeaitation - data storage 
0 In order to use the concept of a dynamic energy set profile as an input to the 

controUer. the carriage force profile needs to be stored. This is more sophisticated and 
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data intensive than acceleration control. Even so, O.lnrni resolution can be achieved to 
4.0mm depth with only 40 stored values. 

Following initial testing, the performance of the energy-based control strategy 
was promising. In some embodimmts, the positional error on stopping was between - 
5 0.5mm and -0.1 5mnL 

After some testing of different methods for calculating the energy set profile, it 
was decided to use the following formula to calculate it: 

1 . Take the estimate work available fiom the skin firom entry to stopping 

point 

2. Add in the work available firom coil braking, scaled for the energy set 

point 

3.4 Sensitivity Study 

The control approach described above is data-intensive. There are several 
parameters, which affect the performance of the model to varying degrees. An 
illustration of the variables within each module and the extent to which they are under 
control is shown in Figure 39. During the course of this study, it was desired to test the 
effect of variation in the unportant factors below to ascertain the level to which they 
affect system performance. Fortunately, the models can be run repeatedly to investigate 
these variables over a range of values. During the sensitivity testing, roughly 100 
simulation runs with different parameters have been completed 

Referring now to Figure 39, the nature of the module variables will now be 
described. The effect of each of the parameters highlighted in bold above on stopping 
accuracy has been checked It was decided that the level of launcher fiiction was so low 
as to be msignificant in comparison to the other active forces (coil and skin force) and 
that therefore this was not essential to the model. 
Encoder noise 

In one embodiment, positional noise from the encoder affects velocity and 
acceleration measurements. The effect was characterised experimentally. From 
experimental data, the standard deviation of this noise was found to be +/-lmm. The 
noise component of this signal was added into the model as an error signal. The effect 
on the velocity measurement can be seen m Figure 1 - a noise signal is created 
Throughout modelling, a value of 1mm was selected. The limit on encoder iioise beyond 
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which positional control was significantly degraded was 2mm. A more complete graph 
of this effect is shown in Figure 40. 
Coil force measurement 

M one embodiment, the controller braking profile is based on measurements of 
the coil force conducted in a static force test. The effect of variations in these forces was 
stndiedandtheresultisshowninFigure40. For the tests shown in this Figure, the 
predictedcoilpeakforcewas4N. The actual coU force was varied from 2 to 6N. Ascan 
be seen the effect of underestimating coil force is much less critical than that of 
overestimatingit Tl.e stopping accuracy was generally within 0.1mm of the desured 
stoppingpoint,exceptatlowlevelsofactualcoUforce. m that case, overshootmg was 
more serious, at up to 0.3mm at 3mm set depth. 
Skin Entry Speed 

in one embodiment, the skin entry speed was targeted so that during braking, the 
carriage kinetic energy would converge with and run down the pre-programmed proffle. 
Because of the fact that increased skin penetration depth brings more energy available 
from the coUs to stop, this naturally means that the deeper the stopping point, the fester 
the entry speed. 

-Hub way of targeting skin entry speed is not optimised for flight tmie. as the 
carriage couldbe driven faster in the early partofits flight, thenbrakedbeforeentenng 

the skin. This refinement is particularly relevant for shaUower depths but was not seen 

as useful to the set depth accuracy problem. Either side of its velocity set pomt, the 
brakingcontrollerhasa-capturewindoW'withinwhichitcanbringandkeepthe 

velocityundercontrolduringbraking. Outside of tHs window the carriage dther ends 
up overshooting, because the energy margin has been used up. or the carnage has 

^sufficient momentum to enable it to reach its desired position and it stops short. 

Arefinement that could be tested to deal with either oftheseeventuaHtres was 

asymmetric gain. 
Coil Usage 

DuriAg flie fuU insertion and retraction cycle, coil 0 alone is used for braking and 
acceleration. Because this aspect of flie model is foUy parametric, the force profile for 
predicted coils and actual coils can be quickly modified and retested when other coil 
layouts are tried. 
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Sensitivity to enms in skin force prediction . 

In one embodiment, the algorithm improves positional stopping perfoimance by 
including a prediction of skin force and hence energy. This estimate was obtained from 
expierimentaldata. By including this prediction, it introduces sensitivity to that data. 
Testing was conducted to explore the effects of enois of factors x2 and xj^. in the 
averageskinforceforcompaiisonwithnominaldata. The results are shown in Figures 
43 and 44 below show fliese three skin force gain scenarios. 

The graph in Figure 42 is encouraging - it shows the overaU perfoimance of ttie 
algorithm over a range of set depths and skin force gains. 

At deeper set depths, the sensitivity of the positional accuracy to errors in skin 
force is ^ter than at lower depths. This is to be expected intuitively, as the work done 

bylheiddnmcreases as a quadratic function of distance. ' 

At lower set depths, the entry speed was simply too low to enable the algorithm 
to woric effectively. This needs more complete testing and probably a different approach 
for shaUow entry. It should be bonie in mind that in diis testing, the energy control 
concept was only implemented within the skin and not in fiee space. 

One of the best ways counteract errors in skin force predictioii is to make the total 
possible error small in relation to die coil force, which can be controlled. TMs is done by 
increasing the coil force. The effect of this can be seen in the earlier Figure 41 and also 
in Figure 43 . The three traces show simulations conducted at the same coil force and 
stopping error was greater when skin force was underestimated (red trace). 

In general, the control algorithm involves using a pre-programmed speed 
profUe at a fixed coil throttie setting and using what coil force is left to cancel out errors 
arising from skin and other forces. . .~ . 

Shidies of sensitivity to eiTors in predicted skin force, cncodernpise and 
to variation in coil force have been conducted and the effects recorded. 

Using a higher force in relation to skin force enables more precise 
positioning to be achieved. 

Using a peak coil force of 3N. insertion positioning to within +/- 0.1mm 
can be achieved over a range of set depths from 1 to 3.5mm and over a range of skin - 
force curves. At lower coil forces, positioning accuracy is degraded. 
Control system Development 
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Control algorithm - Test the idea of using an asymmetric gain on the 
energy error signal duringhraking. Include a model of the launcher fiiction. Changethe. 

method of calculatmg the energy set proffle for shallow skin entry. 

Implementation - Construct a prototype system using MatLab RTW to 

5 producerealtimecodetorunonMatLabXPCrealthnePCsystem. ThiswillaUow 
fiather testing and development of the control algorithm on the real hardware and skm. 

Implementation - Model the system using only 16-bit arithmetic and 
change the energy-based algorithm toavelocity-based one tomaintainsignalp^^^ 
Implementation - Modify the algorithm to operate at the (much slower) 

10 PWM frequency, rather than in near real-time. 

Testing - Test the revised algorithms using a similar test suite as 

desCTibedhere. 

Experimental / mechanical data - Update the coil force graphs and 

dimensional parameters for the latest mechanical layout 

15 4 Position Sensors - LVDT 

In one embodiment, a linear variable differential transformer is an alternative to 

theopticalencoderasameansofpositionandspeedsensmg. In a successM reaUsation. 

the chief advantages over the optical encoder are: 
a higher linear resolution 
20 • asmallerpackagesizeandashapewhichiseasiertointegrate 

The ability to provide positionupdates to the microcontroller onrequest. 

rather ttian having an intenupt-driven system, which aids software design. 
Lower cost 

The shnple basic design of the LVDT is versatUe and offers a wide scope for 
25 customisation. LVDTs also offer last dynamic response, they can make measurements at 
up to 1/10 of the driving frequency on the primary winding. For this appUcation, that 
translates into an abifity to sense movement at >50m/s. Although widely used m 
industrial equipment, they are rarely found in low cost consumer items. The objective 
for this study is to prototype a design and to find an optimal solution for the launcher. 
30 4.1 Design Issues 

Operating frequency Needs to provide positional updates at a rate close to that 
ofthe current sensor {4-5ms). May be possible to go to 10ms. Assuming an ADC. 
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system is used where the ADC can sample successive peaks, then the driving sine wave 
sdurce frequency is in the range lOOkHz to 250kH2. For this q,plication it should be able 
to sense movement at >50m/s.The maximum fiequency of the coU drive is limited by air 
coupling 

5 Resolution To match the encoder resolution uses 1024 positional stq>s- 

lObits 

Moving weight Must not adversely affect the perfonnance of the solenoid 
-carnage system. 

Packaging Length OOmm, diameter < 8mm 
1.0 System BOM cost, including electronics <$3.00 

Throw distance 8mm 

Table 2: Outline LVDT specification 

The LVDT electronics is comprised of the foUowing elements: 

Drive circuit For low component count and design sinq>Kcity, it makes 
15 sense to control the LVDT drive directly.fromthemicrocontroUer. 

Sense / sample circuit. Mustprovide gam and of&et zeromg and also the 
ability to hold the signal for the ADC. 

ADC. Must provide sufBcient conversion speed to satisfy the frequency 

usement 

20 4.2 Coil parameters 

4.2.1 Coil disposition 

The layout of the coils in commercial LVDT products is such that they may be 
usedinasingleendedmode,ieamovingsoftmetalslugenteisfrombneendonly. A 
simplerdesigncouldbeacentreprimarywithtwosecondarywmdings. In this case the 
slug length is the primary length + a single secondary length. 

By careful design of the numbers of turns and dimensions of the primary and 
secondary some gain can be achieved within the LVDT to improve the signal to noise 
ratio of the secondary signals. 
4.2.2 Single coil 

LVDTs traditionaUy have two coils, each of which produces an oulput which is 
linearly proportional to the position of the slug. When subtracted, the two voltages 
cancelatazeroposition. This removes the effect of air couphng. If the sensing / 
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sampling circuit can be designed such that the air ofiset is zeroed then a single secondary 
coil can be used. This would produce significant packaging benefits. 
42 3 Reconnnended next steps - LVDT 

. " " Purchase a commercial LVDT and develop suitable drive circuitry for 

5 interface to a microcontroller system. 

RefetringnowtoFigure44,apredictivebrakingalgorithmisshown. By 

modelingthepenetratingmemberdriverandthetissuetobepenetrated.a-'xoadmap'^^^^ 

shortisprovidedtodetemunewhenthebrakingshouldbeappUedtoachieveadesired 

depth Feedforward systems are described herem and areusedincombinationwitha 

10 lancing device such as that described in commonly assigned copending U.S. Patent 
AppUcationSer.No.l0/127.395(AttomeyDocket38187-2551and38187-2606). 

Feedback is used in combination with feedfoward. In this . embodiment, feedforward 
n«.ybeusedforbrakingofthepenetratingmemberormorepredsely.the slugdnvmg 
thepenetratingmember. The feed forward algorithm may be stored in a processor used 
15 tocontrolthepenetratmgmemberdriver.Figure44showsindetailhowtheplanned 
velocityisusedtodeterminehowtoreaohadesireddepth. to one embodiment, the 
«.tiremboundpathfetraveledbunderlOms.wMchisfasterthanmosthu^^^ 
Hencetheneedforfeedforwaxdtoprovideaplamiedvelocitysothattheaccuratede^^^ 

canbereached without lag and/or instabiUty thatmay be associated with a feedback only 

20 system. . 

As each device is manufactured, each driver may be modeled dunng 
nu^ufacturingto adjust the model for each driver. la other embodiments, a standard 

model maybe used 

mile the inventionhas been described and mustratedwithreference to certam 
25 pariicularembodimentsthereof.thoseskilledintheartwillappreciatethatvanous 

adaptations.changes. modifications, substitutions, deletions, or additi^^ 
andprotocolsmay be made wifl^outdepartuxg from the spkit and scope ofthemventron. 

For example, with any of the above embodiments, the location of the penetratmg 
memberdriyedevicemaybevaried,relativetothepenetratingmembersortheca,todge. 

30 Withanyoftheaboveembodiments,thepenetratingmembertipsmaybeuncovered 

duringactuationae-penetratingmembersdonotpiercethepenetratingmember 

enclosureorprotectivefoilduringlaunch). With any of the above embodiment, the 
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penetratingmemberamay beabarepenetratrngmonber du^^ launch. With any of the 
above embodiments, the penetrating member may be bare penetrating members prior to 
launch as this may aUow for significantly tighter densities of penetrating members. In 

some embodiments, the penetrating members may be bent, curved, textured, shaped, or . 
5 othenvisetreatedataprojumalendorareatofacilitatehandlingbyanactuator. The 
penetrating member may be configured to have a notch or groove to facilitate couphng to 
a gripper. The notch or groove may be formed along an elongate portion of the 
penetrating member. With any ofthe above embodiments, the cavity may be on the 
bottom or the top of the cartridge, with the gripper on the other side. In some 
10 embodiments, analyte detecting members may be printed on the top, bottom, or side, of 

thecavities. The front end ofthe cartridge maybe in contact with a user during lancing. 
Tbesamedrivermaybeusedforadvancingandretractionofthepenetratingmember. 
The penetrating member may have a diameters and l«igth suitable for obtaining the 
blood volumes described herein. The penetrating member driveri^y also be in 
substantiaDy the same plane as the cartridge. The driver may use a through hole or oflier 
opening to engage aproximal end of a penetrating member to actuate the poietrating 
member along a path into and out ofthe tissue. 

hi one embodiment of the present invention, an LVDT position sensor module 
will now be described. As a nonlimiting example, the LVDT. incorporating the bobbin 
710, primary coil, core and secondary coils. Figures 45 and 46 show one embodiment of 
a bobbin 710 accordmg to the present mvention. The bobbin 710 may include a coU 
separator 712. Secondary coils may be wound over regions 714 and 716. The hub 
portion 718 maybe removed after manufacturing to fiirflier decrease the size ofthe 
bobbin 710. niediameterofthebobbin710maybevaried. The length is det^ed by 
thethroughdistanceandaslightvarianceformagneticefFects. In one embodiment, the 
coils are .6 mm wire. The layers determines the number of coils. The fewer turns used, . 
the less field you get. The present embodiment may have four layers for the secondary' 
and two for the primary coil. It shouldbemiderstood that olhercorribinations of layers 
such as two and one may also be used. It is seen that a physical waU 712 is used to 
separate the coils (not shown). This provides for shnplifiedmanufecturing. Tliecoils 
may be wound in a uniform manner, in one embodiment A processor may be used to 
interpolatethenorilinearoutputfiomthecoils. Each processor may be cahT)rated to the 
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' measurement). 

Desired Features rx^T^r^rinle 
ftequency - 5s / 200ffl« mass-a»low«.pos»bl«. 

signal in flie presort embodiment v 
.,,,,^o(«»drive,.e*ori««cb™p.emen.,beccil«vea»ls«^ 

.«chos»tooa=e.bo.ta«,.w*be.,b..*eADC.M-c.on.s.^l^^^ 
.^te„f«»LVmddv.sig».i.Bya..di»*ne«<.fa»P^^y>=^Co«.b. 
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madfe to sample at the peak of the secondary coU cycle, thereby making the best use of 
theavailablepositionalresolution. As seen in Figure 48. the system may use a square 
wave input 750. A resonant circuit may be used to convert this square wave into a • 
sinusoidal wavefonn to drive the primary coil. In this embodiment, sampling by the 
5 ADC is related to the square wave input 750. It should be understood that a sine wave 
generator may also be used in some eihbodiments. A certain delay may be used so that 
the sampling occurs a the optimal point 752 (as seen in Figure 48). 

By synchronizing the timing of the ADC samples to the drive si^al and by using 
the internal sample and hold circuit, the design of this embodiment avoids the need to 
10 include extanal rectification or hold circuitry 
LVDT Primary coil drive 

The LVDT desires a sine wave to drive the primary coil: this is achieved by 
exciting a parallel resonant LC circuit with a square wave input (TIOCAl - Vdrive 
signal). TOs is then amplified (Ul Q to create a lower impedance, source for the primary 
coil. The LC circuit is adjusted to resonate at the module operating frequency and R3 is 
used to limit the output amplitude. R4 compensates for the primary coil DC impedance 
to prevent output clipping on UlC. 

Coupling and secondary coil signal conditioning 

The voltage ratio of the LVDT is a function of the turns ratio and the geometry of 
the coils. This is chosen, alongside all the gains in the signal path, to preserve SNR. TTie • 
secondary coil voltage is fed through a standard high gain differential amplifier (UID) 
before being fed into the ADC. The choice of resistor vahies for UID is driven by the 
need to obtain maximum gaiii without loading the LVDT secondary coil or the op-amp 
excessively. The entire LVDT drive circuit is referenced to a stabOised inid-raU volte^^ 
25 to use the op-amps most effectively. 

ADC conversion and signal processing 

The timing of the ADC sampling and conversion process is shown at the bottom 
of Figure 4. The ADC is triggered by the TPU, which also supplies the PWM signal. It 
samples near the peak of the negative going half-cycle. The ADC voltage reference pin, 
Vref, is set-up so that the ADC gives its fiUl iO-bit resolution over the anticipated 
voltageswingoftheampUfiedLVDTsecondarysignalatfliesamplingtime. Withthe 
LVDT optimaUy set up, this the whole PSU raU voltage. The output from the ADC as 
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the LVDT core was moved over its travel can be seen in Figure 50. A look-up table of 
13 calibration values was used to encode the ADC counts over a range from 7.50 to 
14.00nmt The sampling of the ADC may be increased from 10ms to 7ms (40kHz) 
depending on the microcontroller used. 

Module Components 

Drive Electronics - Op- Amp circuit 

In one embodnnent, the rail-to-rail op-amp chosen for the prototype circuit was 
the National LM824. From the table below, it was chosen because it is a low cost 
device, it has a 3.3V capabihty, a respectable gm-bandwidth product of 5MHz accq>table 
input offset voltage and output drive capability, whilst offering 4 channels of gain. 

In the three instances in which it is used, there are differing requirements. In 
each one current drive capability and gain bandwidth product are the most important 

Mid-rail supply - UIB, Coil Drive - UlC 

In both these instances, the closed loop gain is 1, so the greatest requirement is 
for output drive capability. When testing the LVDT #0, the 75R resistor was necessary 
to prevent output clipping. With LVDTs #l-#4, this was reduced to 27IL 

Secondary Gain -UID 

The op-amp was set-up to give a closed-loop gain of 1 at lOOkHz which is well 
wthin its gain - bandwidth c^ability. This op-amp will cope with 200kHz testing, and 
it miay be possible to specify an op-anq) with a lower GBW product, and reduce cost 
further. 

Microcontroller hardware - ADC / TPU 

The LVDT circuit was prototyped on a Hitachi H8S2318, running at 20MHz. 
The operating frequency of the circuit was lOOkHz. One of the limiting factors on this is 
the ADC conversion time, which was measured at 5.8s. This conversion rate is slowewr 
than the Adc on the proposed H8S3694 microcontroller, which is spedfied at 3.5s, 

Module performance 

In one embodiment, two designs of LVDT were tested. LVDT #0 was a simple 
design with three similar coils adjacent to each other. LVDTs #1 to #4 were made to the 
design shown in Figures 45 and 46, with a primary coil running the whole length of the 
coil and 2 secondary coils overwound on each half-section. 

Repeatability 
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Between calibratioiis 

In this embodimrait, the calibration curve of LVDT #0 was measured on three 
occasions. Across the whole caUbration range of 27mm. the maximum deviation from 
the mean reading was +/- 3 counts (0.79%) and the standard deviation of 1.12 counts 
5 (0.29%). . 

Between coils 

Three identical examples of the same design, LVDTs #1. #2, #3 were constructed 
and caHbrated. The results of the calibration curves are shown in Figures 8 and 9 below. 
Across the whole caUbration range, the overaU standard deviation between readings of 
10 the three «,ils was 5.82 counts (1.10% of range). This equates to a maximmn positional 
ienor of 0.30mm when the reading is calibrated in mm. 

Since the mechanical system provides a known starting reference, aU 
measurements are relative to the zero point This error should not affect the penetrating, 
manber positional accuracy. 

Temperature Stability 

The sensitivity of the LVDT and its drive electronics to temperature variation 
was rneasured across the usable temperature range, by both heating and cooling the 
prototype assembly and performing a caUbration. The results are displayed in Figures 50 

and 51. Figures 48 and 49: LVDT #2 Combined calibration chart - hot and cold 
readings, positional errors in across temperatue range across usable positon range 

In one embodiment, the maximum error in ADC count measured over the 
temperature range would equateto an error of 0.9mm in the worst case. The maximum 
positional error within the usable range was 0.48mm. This level of error requires further 
attention to reduce it because this error will be evident in the course of the normal use of 
theproduct. ItisthoughtthatthisiscausedbychangesintheresistanceoftheLVDT 
coil; temperature-resistance changes within the op-amps and the ancillary resi^^ . 
especially the primary drive circuit 
Resolution 

The resolution of the LVDT module dq)ends on two fectors: 
The ADC resolution 
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The rate of change of output amplitude of the secondary coU with respect to the 

core position: the higher the better. 

For this embodiment, the ADC resolution was fixed at 10-bits. Within the range 
provided by this, the resolution was hmited by the maximum signal amplitude which 
5 could be achieved from the secondary coU amplifier. Calibration curves for the first 
prototype LVDT, #0, and for #1- #3 are shown in figures 5 1 and 52 below. The usable 
rangeoftheLVDTishigWightedoneachfigure. ForLVDT0,figure7showsthatthe . 

raw ADC count changes rapidly with position between 7 and 14mm ofiset and this is the 
region where the resolution was highest on this LVDT prototype. Over this range, the 
10 resolution varied between 0.025mm and 0.014mm. Figures 52 and 53: Calibration charts 
- LVDT #0, and LVDTs #1 - #3 (combined) 

To check the effect of counterwinding, one of the secondary coils was wound in 
the opposite sense to all the other coils. As expected, the effect was the same as that of 
switching coil polarity, with no change in the ampHtude / position relationship. 
15 Physical dimensions 

For one embodiment. Some 2D sketdies of the LVDT bobbin are shown in 
Figures 54 and 55. The overall length is governed by the throw distance and the 
. diameter is governed by the mimmnm achievable wall fliicknesses and the number of 
turns wound. The representative outer dimensions OD for this iteration were OD 
20 3.65mm, length 23mm. This would create a packaged volume of approximately 

340mm3. For the encoder, the volume to be packaged is approximately 1 100 nmi3. In a 
fiiture design iteration, the number of turns wound could be reduced by approximately 
25% before any detrimental effects were noticed which would further benefit packaging. 
Effect of core size 

25 In one embodhnent, a caUbration was attempted usmg an 8mm core, and the 

result vm that the level of coupling was deiareased but the overaU range between 
secondary peaks was unaffected. This suggests that reducing the core length will have 
iio beneficial effect m increasing the usable tiuow distance. It is estimated that tiiis can 
be reduced by at least 50% in fiirther trials. In one embodhnent, flie following 
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Parameter 


LVDT module 






Stability 


Coil-to-coil repeatability: 
0.30mm 

Tenfiperature: G.SOmm over 
operating temo ranae and 
usable calibration range 


Range/ 
Resolution 


Oiiuu / ZUliill 


Response time 


On-demand. 200kH2 / 5ns with 
3694 microcontroU^; Tested at 
IGOkHz/lOns 


' Moving mass 


0.163g 


Size 


340mm'' 



Coils 

#o" 



Parameter 

Turns ratio - (prima ry / secondary A, secondary B) 
Primary resistance 
Resolution 
Secondary resistance 
Repeatability 
Range 



Value 

l.lohm 

20^im 

2.1ohm 



0.29% 



#l-#3 



Turns ratio - O^rimary / secondary A, secondary B) 
Primary resistance ' — 



Secondary resistance 



Repeatability between coils 



Resolution 



Range at this resolution 



7mm 



1:1:1 



32ohm 



34.5/ 34:5 ohm 



1.10% 



20jim 



7mm 
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In yet another embodiment, a solenoid-based actuator has been developed to 
move penetrating members into skin for the purpose of collecting blood for the analysis 
of blood glucose. To reduce pain and improve blood yield, the speed, acceleration, and 
5 position of the actuating solenoid is controlled. In this embodiment, control is provided 
by a processor that monitors the actuation cycle and modulates the electrical power to the 
solenoid. Commercially avaUable position transducers (such as Hewlett Packard 
HEDS973 1) are being used to provide actuator position information. 

In one embodiment, the present invention consists of a Linear Variable 
10 Differential Position Transducer (LVDT) that has been modified to provide a low profile 
design. LVDT's are commonly available such as fiom Solartron (704) 868-4661 and 
consist of adjacent cyUndrically wound coils with a soft iron coupling slug that moves 
inside the coils. Energy firom an excitation coil is coupled mto two secondary coils in 
proportion to the slug position withm the coils. AvaUable LVDT's are cylindrical so the 
15 height and width are equal. 

Referring now to Figure 10, to create a more compact LVDT, in one 
embodhnent, the excitation and driven coils could be wound as flat coils and placed next 
to each other in a plane. The moving slug 100 would then take the form of a flat plate of 
soft iron that moves in a plane parallel to the coil plane, and close to it. The resulting 
20 transducer 102 would be thin relative to its width and would make more efficient use of 
space. The price for a more compact design would be efficiency of coupling, and 
possibly accuracy. 

' One arrangement of coUs, as illustrated in Figure 54, would consist of a large 

rectangular driving coil wound in a flat open shape. Inside the driver coil 104, two 
25 smaller rectangular or square coils 106 would be mounted side-by-side. The slug would 
move along the long axis of the drivmg coil. Figures 55 and 56 provide views of the 
coil. Specifically, Figure 56 shows the slug removed and the coils 104 and 106 exposed. 

Another arrangement of coils woidd be similar, with sensing coils inside a 
driving coili but the coils may be traces etched onto a thin PCB or flex circuit Multiple 
30 PCB's and/or flex circuits could be stacked to provide more coil turns. 
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An alternate arrangement of the slug would consist of a soft iron plate of sheet 
metal, fonried into a "IT so as to enclose the coils on three sides. ITns .vrap-around slug 
would provide better coupling between the coils at the cost of more . moving mass. 

lnthisembodim«it.theprimarycoilwassuppliedwithl3Amptunis. ll,e 
secondary coils have 640 tmns each. The emf induced in each secondary coU was 
detemiined at various positions of the c-slug, from fixlly covering the 2 coils to fiilly 
uncovering them. Figure 57 below shows the differential between the 2 coils emf and 
their sum also. The values were obtained at 60 Hz in the primary coU. The sensitivity 
appears to be about 3 mV/mm, in the Unear section of the sum curve. 

Figure 58 below is similar to the one above but the values were obtained at 6.000 
Hz in the primary coil. The sensitivity appears to have increased to 22 mV/mm, in the 
linear secdoiL 

In one embodiment, the linear section of the travel appears to be about 3.5 limi. 
This can be increased to 8 mm by doubUng the width of the secondary coils to 4 mm 

each. Thenmnberoftmnsofthesesecondarycoilsisdetennmedbythepackingfactor 
and the fineness of the wire used. The number of trnns and cunent in the primary coil 
can be chosen for the most appropriate match with the available supply to produce the 

necessary amp-turns. 

hi one embodiment, the C-slug was assigned mild steel for material. The 
thickness can be reduced significantly since the levels of flux density in the present 
cross-section are very low. It is probably sufficient to have a steel sheet on one side of 
the coils only to produce the required linear emf curves. The material of the frame can be 
either magnetic or non-magnetic, smce no effect was seen on the emf vahies._ 

In one embodiment, a position transducer for detecting mechanism component 
position is provided. The transducer fimctions by winding flat coils and placing driver 
and driven coils inside each other; coupling coils with a moving flat soft iit,n plate 
or forming the moving soft iron plate so it encloses the coils on three or more sides. The 
coils may be created by etching a PCB or flex circuit A position transducer is described 
thatworksontheLVDTprincipleandisverycompact The low-profile form of the 
transducer is achieved by using flat, cqplanar coils and a flat coupling slug: 
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In one embodiment, the shaft 1 10 may be covered with a magnetic layer. Plating 
of magnetic material on the carbon fiber rod would reduce the mass of the slug. Moving 
mass reduction will allow for improved acceleration. 

Referring now to Figure 59, a still fiirther embodiment of a cartridge according to 
5 the present invention will be described. Figure 59 shows one embodiment of a cartridge 
. 900 which may be removably inserted into an apparatus for driving penetrating members 
to pierce skin or tissue. The cartridge 900 has a pluraUty of penetrating members 902 
that may be individually or otherwise selectively actuated so that the penetrating 
members 902 may extend outward from the cartridge, as indicated by arrow 904, to 
10 penetrate tissue. In the present embodiment, the cartridge 900 maybe based on a flat 
disc with a number of penetrating members such as, but in no way limited to, (25, 50, 75. 
100, . . .) arranged radially on the disc or cartridge 800. It should be understood that 
although the cartridge 900 is shown as a disc or a disc-shaped housing, other diapes or 
configurations of tiie cartridge may also work without dq)arting &om the q)irit of the 
15 present mvention of placing a ptaraUty of penetrating members to be engaged, singly or 
in some combination, by a penetrating member driver. 

Each penetrating member 902 may be contained in a cavity 906 in the cartridge 
900 with tiie penetrating member's sharpened end fiicing radially outward and may be in 
the same plane as that of tiie cartridge. The cavity 906 maybe molded, pressed, forged, 
20 or otherwise formed in the cartridge. Although not Ihnited in this manner, the ends of 

the cavities 906 may be divided into mdividual fingers (such as one for each cavity) on 
theouterperipheryofthedisc; Hie particular shape of each cavity 906 may be designed 
to suit tiie size or shape of the peneteating member therem or tiie amount of ^ace desired 
for placement of flie analyte detecting members 808. For example and not limitation, flie 

25 cavity 906 may have a V-shaped cross-section, a U-shaped cross-section. C-shaped 
cross-section, a multi-level cross section or flie otiier cross-sections. The opening 810 
fliroughwhichapenetratingmember902may exit to penetrate tissue may also have a 
variety of shapes, such as but not limited to, a circular opening, a square or rectangular 
opening, aU-shaped opening, a narrow opening tiiat only aUows the penetrating member 

30 to pass, an opening wilh more clearance on tiie sides, a sUt, aconfiguration as shown in 
Figure 75, or the other shapes. 
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In this embodiment, after actuation, the penetrating memberS02 is returned into 
the cartridge and may be held within the cartridge 900 in a mamer so that it is not able to 
be used again. By way of example and not limitation, a used penetrating member may 
be returned into the cartridge and held by the lamicher in position until the next lancing 
event. At .the time of the next lancing, the launcher may disengage the used penetrating 
. member widi the cartridge 900 turned or indexed to the next clean penetrating member 
such that flie cavity holding the used penetrating member is position so that it is not 
accessible to the user (i.e. turn away from a penetrating member exit opening). In some 
embodiments, the tip of a used penetrating member may be driven into a protective stop 
that hold the penetrating member in place after use. The cartridge 900 is replaceable 

with a new cartridge 900 once all the penetrating members have been used or at such 
other time or condition as deemed desirable by the user. 

Referring still to the embodiment in Figure 59, the cartridge 900 may provide 
sterile environments for penetrating members via seals, foils, covers, polymeric, or 
similar materials used to seal the cavities and provide enclosed areas for the penetrating 
members to rest in. In the present embodiment, a foil or seal layer 920 is appKed to one. 
surface of the cartridge 900. The seal layer 920 may be made of a variety of materials 
such as a metallic foil or other seal materials and may be of a tensile strength and other 
quahty that may provide a sealed, sterile environment until Ae seal layer 920 is penetrate 
by a suitable or penetrating device providing a preselected or selected amount 6f force to 
open the sealed, sterile environment Each cavity 906 may be individually sealed with a 
layer 920 in a manner such that the opening of one cavity does not interfere with the 
sterility in an adjacent or other cavity in the cartridge 800. As seen in Ihe embodhnent of 
Figure 59, the seal layer 920 may be a planar material diat is adhered to a top surfece of 
the cartridge 800. 

Depending on the orientation of the cartridge 900 in the penetrating member 
driver apparatus, the seal layer 920 may be on the top surfece, side surfece, bottom 
surface, or other positioned surface. For ease of illustration and discussion of the 
embodiment of Figure 59, the layer 920 is placed on a top surfece of the cartridge 800. 
The cavities 906 holding the penetrating members 902 are sealed on by the foil layer 920 
and dius create the sterile environments for the penetrating members. The foil layer 920 
may seal a pluraUty of cavities 906 or only a select number of cavities as desired. 
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m a still further feature of Figure 59. the cartridge 900 may optionally include a 
pluraHty of analytedetectingmembers 908 onasubstrate 922 wBchmay be attached to 

abottom surface of the cartridge 900. THe substrate maybe made of amaterial such as. 
but not limited to.apolymer,afoil. or other material suitablefor attaching toa^^^^ 
andholding the analyte detecting members 908. As seeninFigure 59. the substrate 922 

may hold apluratity of analyte detecting members, such asbutnot limited to. about 10- 
50 50-100 orothercombinationsofanalytedetectingmembers. This fedUtates the 
assembly ^d integration of analyte detectingmembers 908 wiflx cartridge 900. 

aaalyte detecting members 908 may enable an integrated body fluid sapling system 
wherethepenetratingmembers902crcateawoundtractinatargettissue.which 

expresses body fluid that flows into the cartridge for analyte detection by at least one of 
the analyte detecting members 908. The substrate 922 may contain any number of 
analyte detecting members 908 suitable for detectmg analytes in cartridge havmg a 
plurahty of cavities 906. Inoneembodiment.manyanalytedetecth^members 
5 beprintedontoasinglesubslxate922v^chis1henadheredtothecartridgetofi^^ 
o^anufacturing and shnplify assembly, m analyte detecting members 908 
electrochemical innatare. Tl.e a^dyte detectmg members 908 may further contam 
enzymes. dyes. or other detectors which reactwhenexposed to the desired analyte. 
Additionally.theanalytedetectingmembers 908 may comprise of clear optical wmdows 

0 thatallowUghttopassintothebodyfluidforaualyteanalysis. Tlxe numba:. location 
andtypeofanalytedetectingmember908maybevariedasdesired,basedinpartont^^ 
designofthecartridge.numberofanalytestobemeasured. the^eedfor analyte dct^^^ 
n.embercahbration.andthesensitivityofti.eanalytedetectingmembers.Ifthec^^^^ 

900 uses an analyte detectmg member axrangement where the analyte detecting members 
25 areonasubstrateattachedtothebottomofthecartridge.theremaybethroughholes(^ 
shown inFigure 76), wicking elements. capiUary tube or other devices onthecar^^^^^^ 
900 to allow body fluid to flow from the cartridge to the analyte detecting members 908 
for analysis. In other configurations, the analyte detectmg members 908 maybepnnted, 
fonned, or<,therwise located directly in the cavities housing the penetrating memb^^ 

30 902orareasonthecartridgesurfacethatreceivebloodafterlancing. 

The use of &e seal layer 920 and substrate or analyte detecting member layer 822 
n^yfecilitatethemanufactureofthesecartridges 10. For example, a single seal layer 



wo 2004/107964 



PCTA;S2004/018132 



61 



15 



920 may be adhered, attached, or otherwise coupled to the cartridge 900 as indicated by 
arrows 924 to seal many of Ihe cavities 906 at one time. A sheet 922 of analyte detecting 
members may also be adhered, attached, or otherwise coupled to the cartridge 900 as 
mdrcated by arrows 925 to provide many analyte detecting member, on the cartridge at 
5 one tmie. During manufacturing of one embodiment of the present invention, the 

cartridge 900 may be loaded with penetrating members 902. sealed with layer 920 and a 
temporary layer (not shown) on the bottom where substrate 922 would later go. to 
provide a sealed enviromnent for the penetrating members: This assembly with the 
temporary bottom layer is then taken to be sterihzed. After sterihzation. the assembly is 

10 takentoacIeanroomCoritmayaheadybeinaclearroomorequivdentenviromnent) 
where the temporary bottom layer is removed and the substrate 922 wifli analyte . 

detecting members is coupled to the cartridge as shown m Figme 59: ITus process 

allows for the sterile assemblyofthecartridge with thepenetratingmembers902usmg 
processes and/or temperatures that may degrade the accuracy or functionality of the 

analyte detecting members on substrate 922. As a nonhmiting exan^le, the entire 
cartndge 900 may then be placed in a further sealed container such as a pouch, bag 
plastic molded container, etc. . .to fecihtate contact, hnprove ruggedness. and/or allow for 

easier handling. 

b some embodiments, more dian one seal layer 920 may be used to seal the 
cavities 906. As examples ofsome embodiments, multiple layers may be placed over 
each cavity 906, half or some selected portion of the cavities may be sealed with one 
layer with the other half or selected portion of the cavities sealed with another sheet or • 
layer, different shaped cavities may use different seal layer, or the hke. The seal layer 
920 may have different physical properties, such as those covering the penetrating 
members 902 near the end of the cartridge may have a different color such as red to . 
mdicate to the user (if visually mspectable). that the user is down to say 1 0. 5. or other 
number of penetrating members before the cartridge should be changed ont. 

Referring now to Figure 60. one embodiment of an apparatus 980 usmg a radial 
cartndge900withapenetratingmemberdriver982isshown. A contoured surfece 884 
IS located near apenetrating member exitport 986, aUowing for a patient to ph>ce their 
finger m position for lancmg. Although not shown, the apparatus 980 may mclude a 
hmnanreadableorothertypeofvisualdisplaytorelaystotustotheuser: Ihedisplay 
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inay also show measured analyte levels or other measurement or feedback to the user 
without the need to plug apparatus 980 or a separate test strip into a separate analyte 
reader device. The apparatus 980 may include a processor or other logic for actuating 
the penetrating member or for measuring the analyte levels. The cartridge 900 may be 

5 loaded into the apparatus 980 by opening a top housing of the apparatus which may be 
hingedorremovablycoupledtoabottomhousing. The cartridge 900 may also drawn 
into the apparatus 980 using a loading mechanism sunilar in spirit to that found on a 
compact disc player or the lilce. In such an embodiment, the apparatus may have a slot 
(similar to a CD player in an automobile) that allows for flie insertion of the cartridge 

10 900 into the apparatus 980 which is then automatically loaded into position or otherwise 

seated in the apparatus for operation therein. The loading mechanism may be 
mechanicaUy powered or electricaUy powered. In some embodiments, the loading 
mechanism may use a loading tray m addition to the slot The slot may be placed higher 
on the housing so that the cartridge 900 will have enough clearance to be loaded into the 
15 deviceandthendroppeddownoverthepenetratingmemberdriver982. Thecartridge 
900 may have an indicator mark or indexing device fliat allows the cartridge to be 
properly aUgned by the loading mechanism or an aligning mechanism once the cartridge 
900 is placed mto the apparatus 980. The cartridge 900 may rest on a radial platform 
that rotates about the penetrating member driver 982, thus providingamethod for 
advancing the cartridge to bring unused penetrating members to engagement with the 
penetrating member driver. The cartridge 800 on its underside or other surfiice, may 
shaped or contoured such as with notches, grooves, tractor holes, optical markers, or the 
like to feciUtate handlmg and/or indexing of the cartridge. These shapes or surfaces may 
also be varied so as to indicate that the cartridge is ahnost out of unused penetrating 
25 members, that there are only five poietrating members left, or some other cartridge status 

indicator as desired. 

A suiGiblemethod and sqjparatus for loading penetratmg members has been 

described previously in commonly assigned, copending U.S. patent applications 
Attorney Docket 38187-2589 and 38187-2590, and are included here by reference for all 
30 purposes. Suitable devices for engaging the penetrating members and for removing 
protective materials associated widi the penetrating member cavity are described in 
commonly assigned, copending U.S. patent applications Attorney Docket 38187-2601 



20 



wo 2004/107964 



PCT/US2004/018132 



63 



.15 



20 



25 



30 



and 38187-2602. and are included here by reference for aU purposes. For example in the 
embodiment of Figure 59. the foil or seal layer 920 may cover the cavity by extending 
across the cavity along a top surface 990 and down along the angled smface 892 to 
provide a sealed, sterile enviromnent for the penetrating member and sensors therein. A 
5 piercing element described in U.S. patent appUcations Attorney Docket 38187-2602 has 
a piercing element and then a shaped portion behind the element which pushes the foil to 
the sides of the cavity or other position so that the penetrating monber 902 may be 
actuated and body fluid may flow into the cavity. 

Referring now to Figure 61, one embodiment of a device that may use a disc 900 
10 is shown. This embodiment of device 1000 include a display 1002 that shows landng 

performance and setting such as peneliatioh depth setting the like. Various buttons 1004 
may also be placed on the housing to adjust settings and/or to activate lancing. 

It should be understood that device 1000 may include a processor for 
implementinganyoftheconhx)lmethodoiogies5etforthherein. The processor may 
control the penetrating member driver and/or active braking device such a pads, stops, 
dampers, dashpots and other mechanism to contiol penehating member speed. The 

characteristic phases of penetrating member advancement and retraction can be plotted 
on a graph offeree veisus time illustrating the force exerted by the penetrating member 
driver on the penetiating member to achieve the desired displacement and velocity 
profile. The characteristic phases are tiie penetrating member introduction phase A-C 
where thepenetrating member is longitudinaUy advanced into tiie skin,.tiie penetiating 
member rest phase D where tiie penetrating member temiinates its lodgitiidinal 
movement reaching its maximum depth and becoming lelatively stationary, and flie 
penetrating member rebaction phase E-G whae flie penetrating member is longitiidinally 
retracted out of flie skin. The duration of flie penetiating monber retraction phase E-G is 
longer tiian flie duration of the penetrating member intioduction phase A-C, which in 
tum is longer flian flie duration of flie penetratiiig member rest phase D. 

The introduction phase further comprises a penetiating member launch phase 
prior to A whsn flie penetratingmember is longitiidinally moving through air toward the 
skin, a tissue contact phase at flie begimung of A when flie distal end of flie penetiating 
membra- makes initial contact wifli flie skin, a tissue deformation phase A when flie skin 
bends depending on its elastic properties which are related to hydration and fliickness. a 
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dep«> ot d^on of a.» def^maUon ph>u» A 3»1 

poWctttagBwhichmUvaryftom^ser^user. Success rate i.h»»s=d by 
«aa depth of p»e«on torn inaecto. poW B to fl» Itat of 
p^«,i„U,ep=„.»atogmemberlcs.pl».= D. TMsm«so™n=ntdto»s*e 
pc.««a:«m»ab«.o.Ws,ora.leas.«U=bly>.a.cnp^ 

knovmdistam^imdemealhlhesuifectofthesldii. ^ 
Th.p««raan8memb«rettactionphase«rt«»n*ris»apn^ 

phaseB«*»th.skiap-sb«U.epen«atogmeoa«:o».o(*ewo«nd««=t^. 
lc«nd»,r=.»«donphasaFwh»«»pea««««gm-«s«m«b«o»^o^ 

aodpuUsmfl»opposltedi,cott<«ofte»ld..a=4p««««i»g"--»-««P^ 
„h«.«.= pen«raangm™b«k«om=.teeofU»*i. Prin,»yre.«cUon.,*.r««l. 

„texerdng.decrcastagfb„.topuU<l»P«»«a«««*--''>f««=^»'^ 
p»,B..togmc.^P»ll.»«y*om*.ft^. S.oo*y.««tto,«fl»-.s"Uof 
exerti.gaf«».ta«.opposi«di»c«ootodislodge<hcp.n**g— 
„eoes5«yu.ke.ptow<,»nlttactop«..3blo«dflo».«ptow»^"«* Bleed 

tep«.«togm»nbor««cao»pl«.M"gmtt«.ofaeforcere<pHr«lfbrd.e 

pH„^ rettacdonphas. B or a^ondaor"***!- phase F. dto ot«hid. may vary 
ftom.«rto"serdepa»ii»gonth.p.ope.«esofthe»s«'ssto. 
i tt,Uc=m««vc.s«»toop«.fil.ofapeaete.tmgmemberforaoon«.Ued 

pen.«a««g,«n.ber.*.e«oacaah.p.o««lVdoci.yv.*„eproaeomep^e.ra.mg 

^e,nb»fi>r«»co.«oU«ire«cSoa«»m.laobeplotted. ThepenettaSngmemh« 
dH,.r conto.Is p«»Wh.8 member displac^nom and velodty a. aeverd st^s m 
;a»«,cyole.mdudmgwhen«»P«.«a«ngmemhere«.s*.h.cod,^.o*» 
,0 Moodtopool2130,»Kl.sd»peoohaa.gmemb.rre^...regulaSngmerettae«onra« 
,„aU„„fl«btaoau.flood«»wom.lttac.«hilekeepmg<he»o»nd flap »oms«amg 
(he channel 2132 to permit Wood to«d« Ihe wom«t 
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Tlie tentmg process and retrograde motion of the penetrating member during the 
lancmg cycle can be iUustrHted graphicaUy which shows both a velocity versus time 
gr^h and a position versus time graph of a penetrating member tip during a lancing 
cydethatinclud^^elasticandinelastictenting. From point 0 to point A. (he penetrating 
5 --''e-sbeingacceleratedfiomtheinitializationpositionorzeropositi^^ 

AtopomtB^thepenetatingmember is in ballistic or coastingmode.withno additional 
power being delivered. AtpointB. the penetratingmember tip contiu^ts the tis^eand 
begmstotenttheskin until it reaches a di^lacement C. As the penetratirig member tip 
^PP--fa--^umdisplacement,braldngforceisappKedto^^ 
untilthepenet^tingmembercomestoastopatpointD. THe penetrating member th«i 
^orls m a retrograde direction during the settling phase of the lancing cycle indicated 
between D and E. Note that the magnitude of inelastic tenting indicated in Figure 148 is 
exaggerated for purposes of illusti-ation. 

TheamountofindastictentingindicatedbyZtendstobefeirlyconsistentand 
small compared to the magnitiuleof the elastic tenting. GeneraUy, the amount of 
melastic tenting Z can be about 120 to abort 140 microns. As the magnitude of the 
melastic tenting has a fairly constant value and is smaU compared to the magnitude of the 
elastic tenting for most patients and skin types, the value for the total amount of tenting 
for the penetration stroke of the penetrating member is effectively equal to the rearward 
displacement of the penetrating member during the settling phase as measured by flie 

processor 193 plusapredetenninedvaluefortiieineIasticrecoil,suchas UOmicrons 
Inelastic recoil for some embodiments can be about 100 to about 200 microns The 

abdity to measure flaemagnitudeofskin tenting forapatient is importanttocontrollu^^ 
the doptt of penetiation of the penetrating member tip as the skin is generaUy known to 
vary m elasticity and other parameters due to age. time of day. level of hydration, gender 
and pathological State. 

This value for total tentii^ for the lancing cycle can then be used to determine the 
vmous characteristics of thepatient-s skin. Qnceabody of tentingdataisobta^^ 

givenpati«rt. tins data can be analyzed in order topredict the totalpenetratingm^^ 
displacement, fiom the point of skin contact, necessary for a successful lancir g 

procedure. ™« enables the tissue penetration device to achieve a high success rate and 
mimmizepainfortheuser.AroUingaveragetablecanbeusedtocollectandstorethe 
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tentingdatafotapatientwithapomtertothelastentryinthetable. When a new entry is 

input, it can replace the entry at the pointer and the pointer advances to the next value. 
When an average is de^ed, all the values are added and the sum divided by the total 

number of entries by the processor 193. Similar techniques involving exponential decay 
(multiply by .95, add 0.05 times cunrent value, etc.) are also possible. 

With regard to tenting of skin generaUy. some typical values relating to 
penetration depth are now discussed. A cross sectional view of the layers of the skin can 
be shown, m order to reliably obtain a useable sample of blood fiom the skin, it is 
desirabletohavethepenetratmgmembertipreachthevenuolarplexusoftheskin. The 

stratum comeum is typically about 0. 1 to about 0.6 mm thick and the distance ftom the 
top of the dennis to the venuole plexus can be from about 0.3 to about 1 .4 mm. Elastic 
tenting can have a magnitude of up to about 2 mm or so. specifiaUy. about 0.2 to about 
2.0mm, withanaveragemagnitudeofaboutlmm. This means that the amount of 
penetrating member displacementnecessary to overcome the tenting can have a 
15 magnitudegreaterthanthethicknessofddnnecessarytopenetrateinoiderto.^^ 
venuolarplexus-Thetotal penetrating member displacment fiom point ofm^^^ 
contactmay haveanaverageyalueof about 1.7 toabout2.1 mm. In some embodiments, 
penetrationdepm andmaximumpenetrationdepthmay be about 0.5 mmto about 5 mm. 
specifically, about 1 mm to about 3 mm. In some embodhnents. a maximum penetration 
20 depth of about 0.5 to about 3 mm is useful. 

Ih some embodiments, the penetrating meniber is withdrawn with less force and a 
lower speed than the force and speed durmg the penetrationportionoftheoperation 
cycle. Withdrawdspeedofthepenetratmgmemberinsomeembodimentscanbeabout 
0004toabout0.5m/s.specificaUy,about0.006toabout0.01m/s. Ihother 
25 embodiments. «sefulwithdrawalvelocitiescanbeabout0.001toabout0.02metersper 

second, specifically, about 0.001 to about 0.01 meters per second. For embodmients that 
use a relatively slow withdrawal velocity compared to the penetration velocity, the 
^awal velocity may up to about 0.02 meters per second. For such embodiments, a 
ratio of the «.emge penetration velocity relative to the average withdrawal velocity can 
be about 100 to about 1000. In embodiments where a relatively slow withdrawal 
velocity is not importont, a withdrawal velocity of about 2 to about 10 meters per second 
may be used. 
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Another example of an embodiment of a velocity profile for a penetrating 

member can be seen shown, which iUustrates a penetrating member profile with a fest ' 
entiy velocity and a slow withdrawal velocity. A lancing profile showing velocity of the 
penetrating member versus position. The lancing profile starts at zero time and position 
5 and shows accelerationofthe penetrating member towards the tissue from the 

electromagnetic force generated from the electromagnetic driver. At point A. the power 
is shut off and the penetrating member begins to coast untU it reaches the skin indicated 
byB at which point, the velocity begins to decrease. At point C. the penetrating member 

has reached maximum displacement and settles momentarily. ^icaBy for a time of 
10 about 8 milliseconds, 

A retrograde withdrawal force is then imposed on the penetrating member by the 
controllable driver, which is controlled by the processor to maintain a withdrawal 

velocity of no more than about 0.006 to about 0.01 meters/second, nie same cycle is 
illustrated in the velocity versus time plot of Figure 151 wherethe penetrating member is 
accelerated fi«m the start point to point A. The penetrating member coasts fixMn A to B 
where the penetratmg member tip contacts tissue 233. The penetrating member tip then 
penetrates the tissue and slows with braking force eventually applied as the maximum 
penetration depth is.approached. The penetrating member is stopped and settling 
betweenCandD. AtD,thewidKirawalphasebeginsandthepenetratingmemberis 
sIowlywithdrawnuntilitretumstotheinitializationpointshownbyE. Notethat • 
retrograde recoU firom elastic and inelastic tenting was not shown in the lancingprofiles 
. for purpose of illustration and clarity. 

hianotherembodimeiit,thewithdrawalphasemayuseadualspeedprofile,with 
the slow .006 to .01 meter per second speed used until the penet^g member is 

witiidrawn past the contact point with the tissue, thenafaster speed of .01 to 1 meters per 
second may be used to shorten the complete cycle. 

WhUe the invention has been described and illustrated with reference to certain 
particular embodiments thereof those skiUed in the art wiU appreciate that various 
adaptations, changes, modifications, substitutions, deletioiis. or additions of procedures 
and protocols may be made without departing fiom the spirit and scope of the mvention. 
For example, with any of the above embodiments, tiie location of tiie penetrating 
member drive device may be varied, relative to the penetrating members or the cartridge. 
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With any of flie above etnbodiments, the penetrating member tips may be uncovered 
duringactuation(i.e.peaetr^gmembersdonotpiercethepenetratingmember 

enclosure orprotective foil during launch). With any of the above embodments, the 
penetratingmembersmaybeabarepenetratingmemberduringlaunch. Withanyofthe 

5 above embodiments, the penetrating members may be bare penetrating members pnor to 
lannch as thismay allow for significantly tighter densitiesofpenetrating members. In 
some embodiments, the penetratingmembers may bebent, curved, textured, shaped, or 
otherwisetreatedataproxhnalendorareatofaciUtatehandlingbyanactuator. The 
penctratingmember may be configured to haveanotch or groove to faciUtatecouphngto 
0 agripper.menotchorgroovemaybefomiedalonganelongateportionQfthe 

penetratingmember. Withanyofthe above embodiments, the cavity may be on the 
bottom or the top of the cartridge, v^ith the gripper on the other side, m some 
embodiments, analytedetectingmembers maybe printedon the top. bottom, or Side of 
thecavities. ite front end ofthe cartridge maybe in contact with a user during lancmg. 
15 Hvesamedrivermaybeusedforadvancuxgandretractionofthepenetratingmember. 
Thepenetratingmember may haveadiamet^. and length suitable for obtaining the 
bloodvolumesdescribedherein. The penetrating member driver may also be m 
substantially the same plane as the cartridge. Hie driver may use a through hole or other 
opening to engage aproximal end of a penetrating member to actuate the penetratmg 
20 member along a path into and out of the tissue. 

Any of the features described in tins appUcation or any reference disclosed herem 
n^aybeadaptedforusewitiianyembodimentofthepresentinvention. For example, the 
devicesofti^epresentinventionmayalsot,e combined for usemtiiinjectionpene^^^ 
members or needles as described in commonly assigned, copending U.S. Patent 
25 i^licationSer.No.l0/127.395(AttomeyDocketNo.38187-2551)filedAprrll9. 

2002 An analyte detecting member to detect tixe presence of foil may also be mcluded 
inthelancingapparatus. For example, if a cavity has been used before, the fori or 
steriUty barrier wiUbepunched. The analyte detecting member can detect if tiie cavity xs 
fresh or not based on tiie status of tiie barrier. It shouldbe understood that in optional 
30 embodim«its,thesteriUtybarriermaybe designed to pierce a steriUtybamer of 

thidcnesstiiatdoesnotdullatipoftixepenetratingmember. The lancing apparatus may 
alsouseimproveddrivemechanisms. For example, a solenoid force generator may be 
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improved to try to increase the amount of force the soleaoid can generate for a given 
current. A solenoid for use with the present invention may have five coils and in the 
present embodiment the slug is roughly the size of two coils. One change is to increase 
the thickness of the outer metal shell or winding surround the coils. By increasing the 
thickness, the flux wiU also be increased. The slug may be spUt; two smaUer slugs may 
also be used and ofifeet by of a coU pitcL This aUows more shigs to be approaching a 
coil where it could be accelerated. This creates more events where a slug is approaching 
a coil, creating a more efiBcient system. 

In another optional alternative embodiment, a grippe in the inner end of the 
protective cavity may hold the penetratmg member during shipment and after use, 
eliminating the feature of using the foil, protective end. or other part to.retain the vsed 
penetrating member. Some other advantages of the disclosed embodiments and features 
of additional embodiments include: same mechanism for transferring the used 
penetrating members to a storage area; a high nmnber of penetrating rnembera such as . 
25, 50. 75, 100, 500, or more penetrating members maybe put on.a disk or cartridge; 
molded body about a lancet becomes unnecessary; manufecturing of multiple penetrating 
member devices is simplified through the use pf cartridges; handling is possible of bare 
rods metal wires, without any additional stractural features, to actuate them into tissue; 
maintaining extreme (better than 50 micron -lateral- and better than 20 inicron vertical) 
precision in guiding; and storage system for new and used penetrating members, with 
individual cavities/slots is provided. The housing of the lancing device may also be 
sized to be ergonomically pleasing. In one embodiment, the device has a width of about 
56 mm, a length of about 105 mm and a thickness of about 15 mm.. Additionally, some 
embodiments of the present invention may be used with non-electrical force generators 
or drive mechanism. For example, thepunch device and methods for releasing flie 
penetrating members from sterile enclosures could be adapted for use with spring based 
launchers. The gripper using africtional coupling may also be adapted for use with oflier 
drive technologies. 

StiU further optional features may be included with fhe pteseat invention For 
example, with any of tiie above embodiments, the location of the penetrating member 
drive device may be varied, relative to flie penetrating members or flie cartridge. With 
any of the above embodiments, the penetrating member tips may be uncovered during 
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actuation (i.e. penetrating members do not pierce the penetrating member enclosure or 
protective foil during launch). The penetrating members may be a bare penetrating 
member during launch. In some embodiments, the penetrating member maybe a patent 
needle. The same driver may be used for advancing and retraction of the penetrating 
5 member. Different analyte detecting members detecting different ranges of glucose 
concentration, different analytes, or the like may be combined for use with each 
penetrating member. Non-potentiometric measurement techniques may also be used for 
analyte detection. For example, direct electron transfer of glucose oxidase molecules 
adsorbed onto carbon nanotube powder microelectrode may be used to measure glucose 
10 levels, hi some embodiments, the analyte detecting members may formed to flush with 
the cartridge so that a ' VeU" is not formed. In some other embodfanents, the analyte 
detecting members may formed to be substantially flush (within 200 microns or 100 
microns) with the cartridge surfeces. In aU methods, nanoscopic wire growth can be 
earned outviachemicaIvapordeposition(CVD). m aU of the embodiments of the 
15 invention,preferrednanoscopicwixesmaybenanotubes. Anymethoduse&lfor 
depositing a glucose oxidase or other analyte detection material on a nanowire or 
nanotube maybeused with the presentinvention. Additionally, for some embodhnents, 
any of the cartridge shown above may be configured without any of the penetrating 
members, so that ttie cartridge is simply an analyte detecting device. StiU forther, the 
20 indexing of the cartridge may be such that adjacent cavities may not necessarily be used 
serially or sequentially. As a nonlimiting example, every second cavity may be used 
sequentially, which means that the cartridge will go through two rotations before every 
or substantially aUofthe cavities are used. As another nonlimiting example, a cavity 
(hat is 3 cavities away. 4 cavities away, or N cavities away may be the next one used. 
25 This may allow for greater separation between cavities contauiing penetrating members 
that were just used and a fresh penetrating member to be used next For any of tiie 
embodiments herein, they may be configured to provide tiie various velocity profiles 
described. 

This appUcation cross-references commonly assigned copending U.S. Patent 
30 AppUcations Ser.No. 10/323,622 (Attorney Docket No. 38187-2606) filed December 18, 
2002; commonly assigned copending U.S. Patent Applications Ser. No. 10/323,623 
(Attorney Docket No. 38187-2607) filed December 18, 2002; and commonly assigned 
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copending U.S. Patent AppKcations S». No. 10/323,624 (Attorney Docket No. 38187- 
2608) ffled December 18. 2002. This application is also related to commonly assigned 
copending U.S. Patent AppKcations Ser. Nos. 10/335,142, 10/335,215, 10/335,258, 
10/335,099. 10^35.219. 10/335.052, 10/335,073. 10/335.220. 10/335,252, 10/335^18. 
5 10/335.21 1. 10/335.257. 10/335.217, 10/335,212, and 10/335,241, 10/335,183, 

(Attorney Docket Nos. 38187-2633 through 38187-2652) filed December 31, 2002. This 
appUcation is also a continuation-in-part of commonly assigned, copending U.S. Patent 
Application Ser. No. 10/425.815 (Attorney Docket No. 38187-2663) filed May 30, 2003. 
This sqjplication is a continuation-in-part of commonly assigned, copending U.S. Patent 
10 AppUcation Ser. No. 10/323,622 (Attorney Docket No. 38187-2606) filed on December 
18, 2002, which is a continuation-in-part of commonly assigned, copending U.S. Patent 
Application Ser. No. 10/127,395 (Attorney Docket No. 38187-2551) filed April 19. 
2002; This ^pUcation is also a continuation-in-part of commonly assigned, copending 
U.S. Patent Application Ser. No. 10/237,261 (Attorney Docket No. 38187-2595) filed 
15 September 5, 2002. This application is further a continuation-in-part of commonly 

assigned, copending U.S. Patent AppUcation Ser. No. 10/420.535 (Attorney Docket No. 
38187-2664) filed April 21, 2003. This appUcation is fiuther a continuation-in-part of 
commonly assigned, copending U.S. Patent AppUcation Ser. No. 10/335, 142 (Attorney . 
DocketNo. 38187-2633) filedDecember31,2002. This appUcation is further a 
20 continuation-in-part of commonly assigned, copending U.S. Patent AppUcation Ser. No. 
10/423,851 (AttomeyDocketNo. 38187-2657) filedApril24,2003. This appUcation 
also claims the benefit of priority &om commonly assigned, copending U.S. Provisional 
Patent AppUcation Ser. No. 60/422.988 (Attorney Docket No. 38187-2601) filed 
November 1, 2002; commonly assigned, copending U.S. Provisional Patent Application 
25 Ser. No. 60/424,429 (Attorney Docket No. 38187-2602) filed November 6, 2002; and 
commonly assigned, copending U.S. Provisional Patent AppUcation Ser. No.' 60/424.429 
(Attorney Docket No. 38187-2604) filed November 20, 2002. All applications listed 
above are incorporated herein by reference for aU purposes. 

The publications discussed or cited herein are provided solely for their disclosure 
30 prior to the fiUng date Of the present appUcation. Nothing herein is to be constraed as an 
admission that the present invention is not entitled to antedate such publication by virtue 
of prior invention. Further, the dates of pubUcation provided may be different fixjm the 
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actualpubUcationdateswMdimayneedtobeindependentiyconfinned. All 

pubUcationsmentionedherein are incorporated herein by reference to disclose and 
descn^e the stn^ctures and/or methods inconnection with which the pubUcationsa^ 

cited. For ease of reference, U.S. Provisional AppUcations Ser. No. 60/476,584, 
5 60/478.040,6O/478.7O4,60/478.657.60/478.682.and60/507,689areherebyfally 

incoiporatedhereinbyreferenceforallpurposes. 

Expected variations or differences m the results are contemplated in accordance 
witi. the objects and practices of the present invention. It is intended, therefore, th^^ 
inventionbe defined by the scopeoftheclahnswhichfollow and that such claimsbe 

10 interpreted as broadly as is reasonable. 
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WHATISCXAIMEDIS: 

1. A method ofcontrolling a penetrating member, the meth^^ 

comprising: 

(a) providing a device comprising a penetrating member driv^ having 
a position sensor and a processoi^ 

(b) accelerating the penefrating member towards a target tissue; and 

(c) using a control algorithm to control the driver to decelerate the 
penetrating member to follow a desired trajectory. 

2. A method ofcontrolling a penetrating member^ the mefliod 

conq)rising:. 

(a) providingalancingdevicecomprisingapenetratingmember 
driver having a position sensor and a processor that can determine the relative position 

and velocity of the penetrating member based on measuring relative position of the 
penetrating member with respect to time; 

(b) accelerating the penetrating member towards a target tissue; and 

(c) using an ad^tive control algorithm to decelerate the penetrating 
member to follow a desired trajectory, wherein the penetrating member is not decelerated 
in a sudden manner where the tissue bounds away from the member. 

3. The method of claim 1 feed forward control comprises usmg a 
planned velocity profile to reach a desired depth, 

4. The method of claim 1 wherein the magnitude of the known value . 
of deceleration is detennined by the deceleration of the penetrating member due to 
intrinsic frictional forces of the lancing device alone. 

5. The mefliod of claim 1 fiirtha: comprising using a look-up table to 
detennine penetrating member settings based on a desired penetration depth. 

6. A method of controlling penetrating member velocity, the method 

comprising: . 

advancing the penetrating member to reach a first desired velocitjr,. 
providing a controller for applying braking force; 
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variable m^<^ of bratmg fbro. and driving fon:. «. fcl><>w a 
p^c.edve.oci.yprom.»i.each>.*ngcyc.ew.*.b„Mng,oro.*onld 

7 Ametbodof»ntollingpea*atagmembervctod.y.tl»mrthod 



be varied- 



10 



15 



,„„»fcgp.ne«*»gmen,b.dep,hby»^nganele«roniolan«tdrive 
,^^i^«ndpe.e^cnofa>,member.c*eakini»d..e«inedb^^ 
lMofS,roeappUedl.,«.cmo»,».*-.cer.e«veloc^a.™p»=.^«.= 

skin. 

8 A method ofbody fluid sampling compnsmg: 
xnoving apeuetratingmember atcaafomungto aselec^^^ 

profile or motion wavefonn; ... 

„.easuringforceappUedbyusertoafto»tendofalaru.ngdevxce. 

detennining amount of tissue traiting; 
recording tenting and force. 

9 Hie method ofclaim 8 further comprising using force and teatmg 
to deterrninestratumcorr^Mc^essbasedonaslopeofmultiplc force andt^^ 

10. Adeviceforbodyfluidsamplingus^lewithacartridgehousinga 
20 pluraUtyofpenetrating members, the device comprising: 
a housing; 

.p«^n»mb=rdriv.rcoupWtosaidhauringa»d6»-»sc™tt,aa.d 

'^'^ ap,««sot«broo.«lling»aidp««a«ngm=mberdriver»movea, 
25 ,«a,o»=ofs.i4p«=»«ng»«»b»«v..«oi««wMobooofenn«i«.a».««.l. 

'"^''''^ap^aan^-.nsdnc^oo.p.-U.a^.e.d^^ 

piocessot alio measiaing tenting of the tissus. 

„ 11. Tie device of claim 

,0 con,pri*« . window allowing a to see the cartridge wmle the 

cartridge is in said housing. 
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12. The device of claim 

10 comprising display showing device status. 

13. The device of claim 

10 comprising display shoSviiig lancing perfonnance: 
^ 14. The device of claim 

10 conqmsing display showing lancing parameters. 

15. The device of claim 

10 comprising a single button for actuating said penetrating member 
driver along an inbound path into tissue and th^ an outbound path out of the tissue. 

16. The device of claim 

10 wherein said penetrating member driver moves an active one of said 
penetrating members along a velocity profile that reduces initial pain and residual pain to 
levels below that of known devices. 

17. The device of claim 

^^^^^'einsaidpenetratingmemberdrivermovesanactiveoneofsaid 
penetrating members along a velocity proffle th^ reduces Mtial pain and residual pain to 

levels at least 1.5 times less than that of known devices. 

18. The device of claim 



!0 



10 wherein said penetrating member driver moves sm active one of said 
penetrating members along a velocity profile that reduces residual pain to levels at least 2 
times less than that of known devices. 

19. A method of determining contact between a tip of a penetrating 
member and target tissue of a patient comprising: 

(a) Providing a lancing device comprising a penetrating member 
driver having ^position sensor and a processor that can determine the relative position 

and velocity of the penetrating member based on measuring relative position of the 
penetrating member with respect to time; 
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(b) Measuringamagmtudeofdecelerationofthepenettatmgmemb^ 
during at least a portion of the inward cutting stroke of the lancing cycle and comparing 
themagnitude of the measured deceleration to aknown value of deceleratvon; and 

(c) Determiningcontactiflbemagmtudeofthemeasureddeceleration 
5 issufficientlyiiaterthanth.magnitudeoftheknownvalueofdeceleration.. 

20. Themethod of claim 1 wherein the magnitude of the knovm value 
of deceleration isdeterminedby the decelerationof the penetratmgmemberdu^ 
intrinsic ftictlonal forces of Hie lancing device alone. 

21. TTie method of claim20 wherein the magnitude of the known 
10 valueofdecelerationisdeterminedempiricallybyobservingthemagnitudeof 

deceleration ofthepenetrating member when the penetrating member isknowntobe 

making contact with the target tissue. 

22. A methodofdesigning a product, the method comprising: 
usingpersonaUtytesttodetemiinecharacteristicsofthe.user, 

15 designingapluralityproductsdesignedto appeal to those with certam 

personalities; 

selecting at least one product design based on user personahty. 

23. Amethodofcontiollingpenetratingmembervelocity.themethod 

comprising: . , 

advancing the penetrating member to reach a first desired velocity. 

providing a controller for applying brakmg force; 

applying variable amounts of braking force based on a desired velocity 

provide to bring the penetratmgmember to a stop at a desired depth. 

24. A method of body fiuid sampling compriang: 
moving a penetrating member at velocities that conform with a tent and 

hold lancing velocity profile or motion waveform; 

* achievingbigherratesofspontaneousbloodandhigherspontaneous 

yields given the same penetration depth; 

achieving lower pain relative to spontaneous blood yield. 
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25. Thedevice6fclaim24whexemtbepaetratingmembertr^ectory 
wavefonn contains a stationaryportion. 

26. Thedeviceofclaim24whereintheveIocitypn)fileis"tent-and- 
hold", power requirement to hold. 

^ . '"'^'^^^ce of ''laim 24 comprising "tent-and-damped-hold" 

wherein the penetrating member applies a force only great enough.to slow the relaxation 
of the skin, but not to hold the relaxation of the skin. 

28. A mefliodofbody fluid sampling, the method comprising: 

detennining at least one of the following (Aaracteristics based on 

10 ^I^O'^Pofpowerusedbyapenetratingmemberdrivertotent-and-hold.ordamp- 
and-hold: 

skin characteristics e.g: hydration, possibly stratum comeum tW^^ 
power used to retract the penetrating member fiom a given depth or given 

skin 

15 ^°^^ili^tio'»«^teristics used to get the blood out -reori^^^^ 

of collagen fibers to keep the channel patent 

29. Amethodforcontrollingdepthofpenetratingmembermotioninto 
a patient, said method comprising: 

measuring the amount of skin or tissue tenting of an individual lancing 
10 by actuating said penetrating member into the tissue, measuring a first pen^^^ 

positron, removing all actuation force, measuring a relaxed position, and determining the 
difference to determine the tenting; 

30. The method ofclaim 29 comprising correcting the desired 
penetration depth by the amount of tenting. 

31. The method ofclaim 29 comprising advancing said penetrating 
member after measuring the amomrt of tenting and while the penetrating member 
remains in the patient, to cbntimre the lancing event in order to achieve a desired depth 
into the tissue. 
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32 Themethodofclaim29cox«prismgadvar«^ingsaidpenetrating 
.e^bcrtocontinue^elancingeventinordertoac^eveadesiredde^^ 

33. Amethodofcontrollingapeaetratinginember.themethod 

""^^^^''•^^ p^vidingalancingdevicec^^^^^^^ 
driverhavingaposiUonseasaraadapxocessorthatcandetenninetherel^^ 

andvclodtyofthepeaetratingnu^nberbasedonmeasun^^ 

model of the driver and a model of tissue to be contacted; and 

(c) usingfeedforwardconttoltomaintampenetratrngmember 

velocity along said trajectory. 

34. Tte method ofclaim 29 feed forward control comprises using a 

planned velocity profile to reach a desired depth. 

35 Themethodofclaim29whereinthemagmtudedfthelaio^ 
val«eofdecelera;ionisdeterminedbythedecelerationofthepenetratingm^^ 

intrinsic Actional forces of the lancing device alone. 

36 Themeiiiodofclaini29whereinthemagDitudeoftheknovm 
valueofdecel^onisdetcnninedenipiricanybyobservingthemagnitn^^ 

20 decelerationofthepene^gmeniber^en«.epenetratingmeniberislcno^ 

making contact with the target tissue. 

37. AmethodofcontroUingpenetratingxnembetvelocity.themethod 

..vancingthepenetratingnien^ertoreachafirstdesiredve^^^^^ 

providing a controller for applying braking force; 
^ applyingvariableamountsofbrakingforceanddrivingforcetofoUowa 

predicted velocity profile, 

38. AmethodoffornunganLinearVariableDifferentialTransfortner 

comprising: 
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providing a bobbin with a physical waU for separating coils of one 
secondary coil from coils of another secondary coil; 

winding a pluraUty of layers of wiring over said bobbin, said layers of 
wiring wound in a substantially uniforming manner to provide a wound bobbin; 

caUT)rating said wound bobbin by using a processor to linearize output 
from the bobbin. 

3$. The method of claim 38 wherein the processor uses a lookup table 
to linearize the output 

40. The method of claun 38 wherein coils of a primary coil are 
separated from coils of anotho- primary coil by said wall. 

41. The mediod ofclaim 38 vrfierein the output from the bobbin is 
nonlinear and uses a processor to take Ae output and linearize it 

42. A device for body fluid sampling, the device comprising: 
a penetrating member driver; 

ah LVDT coiq)led to said driver, wherein said LVDT generates a 
nonlinear ou^ut which is received by a processor which then linearlizes the output, said 
LVDT used to monitor the position of a penetrating member coupled to the driver. 

43. A method of controlling paietrating member velocity, the method 

comprising: 

advancing die poiettating member to reach a first desired velocity; 

providing a processor coupled to an LVDT, processor lineariziHg the 
nonlinear output of the LVDT; 

applying variable amounts of taaking force based on a desired velocity 
provide to bring the penetrating member to a stop at a desired dq)th based on position 
feed back fiorh the LVDT. 
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